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ABSTRACT
Traces of precious metals pre-concentrated from ig-
neous rocks in dore beads by fire assay are evaluated by a
spectrochemical procedure utilizing a d-c arc with anode exci-
tation. The detection limit for Pt, Pd, or Au is(0.5Y and
the precision of the spectrographic procedure is about + 10%
of a dors value. Losses of Pt, Pd, and Au to slags and cupels
are variable and are determined from composite and individual
reassays.
Precious metal concentrations and ratios obtained
from corrected duplicate assays are given for each of 77 igneous
samples (35 from the Bushveld Complex, Transvaal). The mean
Pt, Pd, and Au contents of rock types as determined chiefly
from individual samples are as follows: 4 Bushveld acidics
3, 5, and 80 ppb; 2 other acidics<3,3, and 56; 15 basalts
26, 41, and 110; 5 diabases 37, 16, and 47; 4 Bushveld gabbros
21, 31, and 87; 4 other gabbros 19, 20, and 101; 7 Bushveld
norites 38, 15, and 62; 2 Sudbury norites 12, 6, and 42;
2 diallage pegmatites 1315, 475, and 189; 7 Bushveld pyroxen-
ites 48 59, and 63- 2 other pyroxenites 9, 3, and 27; 3 perido-
tites 1A, 11, and 53; 2 Bushveld harsburgites 17, 12, and 67;
2 Bushveld olivine dunites 42, 34, and 55; 3 Bushveld hortono-
lite dunites 5240, 228, and 185; 1 Ural dunite 1260, 23, and
114; 2 Bushveld anorthosites 76, 32, and 60; 1 Essex anortho-
site 3, 3, and 26;IBushveld diorite 25, 31, and 180; and 4
chondrites 400, 950, and 70 (?) respectively. The approximate
mean abundances of Pt, Pd, and lu in igneous rocks are 11, 17,
and 90 (?) ppb. In general, Bushveld rocks are richer in
platinoids than and equally as rich in Au as similar rock types
from other intrusives. The highest Pt:Pd values occur in
ultramafics and lowest in basic rocks. Ultramafics and chon-
drites, particularly those rich in metal-like phases, carry
the highest values and the Pt:Pd ratio depends on the oxide or
metal to sulphide ratio. Data indicate that Pt tends to
enrich relative to Pd in the oxide or metal phase and vice
versa in the sulphide. In basalts, the tholeitic type has a
Pt:Pd (1 and the non-tholeitic (oceanic) type has a Pt:Pd> 1.
Unaltered diabases resemble oceanic basalts in precious metal
content and also have a Pt:Pd> 1.
iii
The distribution patterns of Pt and Pd each approach
a lognormal type in a strongly fractionated population of mafic
rocks as well as in a mildly differentiated group of basic rocks.
Gold is unique and tends to have asymmetrical patterning. Ahrens'
geochemical distribution law for a specific rock type seems to
hold also for a sampling of allied rock types.
A study of the physico-chemical parameters and laws
regulating trace element behavior during crystallization reveals
that Pt, Pd, and Au are not readily accepted in silicate struc-
tures because of their inability to form stable ionic bonds.
The precious metals are collected by metallic oxides and are
retained therein because of their strong siderophile disposition.
They also compete with Fe2+, Ni2*, and possibly Cr3* for crystal
sites; and may have limited solubility in chromite at high
temperatures. Platinoids are selectively enriched in early mag-
matic sulphides because of their moderate chalcophillic nature
and are retained either as solutes or as discrete minerals; Au
is also collected and either retained by sulphides as native
metal or, as Goldschmidt believes, as ions dispersed in the
metallic packing. The study also shows that Pt:Pd should be more
coherent than either Pt:Au or Pd:Au and this is substantiated by
experimental data which indicates that Pt:Pd has a first-degree
of coherence (~0.80) and that Pt:Au or Pd:Au has a second-degree
of coherence. The difference in coherence between the platinoids
and Au is not marked because of the mineral composition of the
rocks investigated.
The primary Pt, Pd, and Au content of the Bushveld magma
is similar to that of the average plateau basalt and in particular
the tholeitic type (Pt:Pd (1). With extreme differentiation, the
bulk of the platinoids are enriched in the early ultramafic
fractionates and in particular those which contain sulphides
and/or oxides. The Pt:Pd ratio is much higher in ores from the
platiniferous dunitic pipe deposits than it is in ores from the
Merensky Reef. In the pipe deposits Pt:Pd and Pt:Au sharply
increase from outer olivine dunite facies to the inner hortonolite
dunite core. Platinum is enriched relative to Pd in all the early
crystallates except pyroxenites and is almost depleted from the
melt by the time the intermediate and salic crystallates differ-
entiate. Gold is also enriched in the sulphide and oxide-bearing
rocks but much of it is concentrated in late fractions along with
lesser amounts of Pd and minor Pt.
Thesis Supervisor: William H. Dennen
Title: Assistant Professor of Geology
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INTRODUCTION
PURPOSE OF INVESTIGATION
Although the broad aspects of the geochemistry of
platinum, palladium, and gold in telluric and, in particular,
meteoric phases are well known, principally from the research
of the late V.M. Goldschmidt and co-workers, relatively little
information is available on the geochemical distribution and
enrichment trends of these precious metal traces in igneous
rocks. The basic purpose of this research was to obtain
abundance data from an extensive sampling and analysis of
igneous rock types. From this information, a study is made
of the distribution and geochemical patterning of the three
metals in rocks, together with the laws which govern their
selective behavior during magmatic fractionation. The investi-
gation is mainly of a survey nature and apart from the exam-
ination of the geochemical coherence and differentiation trends
of Pt, Pd, and Au, no special effort is made to delve into
the more refined aspects of the geochemistry of these PM's*.
It is hoped that additional investigations will be forth-
coming to substantiate as well as further the results of the
research presented herein.
* PM is used throughout the thesis as an abbreviation for
"precious metal".
SCOPE OF RE3EARCH
An experimental technique utilizing the collection
and pre-concentration of PM's by fire assay followed by spectro-
chemical analysis was designed and found suitable for evaluating
the traces of PM's contained in rocks and chondrites. Losses
of the PM's which were incurred during fusion and cupellation
were also ascertained and the dore values of each of the rock
specimens were adjusted to correct for these losses. For the
purpose of expediency, the experimental techniques have been
placed in PART III of the thesis and need not be consulted un-
less the reader so desires. It should be noted, however, that
the discussion and interpretation of the geochemistry of the
PM's in PART II are based, with the exception of the chondrite
assays, on the corrected values obtained from this research.
In this section of the treatise the abundances of the platin-
oids and Au are presented and interpreted and this in turn is
followed by a statistical evaluation of the distribution
patterns of Pt, Pd, and Au.
The third section of PART II deals with the applica-
tion of crystal chemistry to a study of the geochemical coher-
ence of the three elements, and the final section considers the
broad differentiation trends of Pt, Pd, and Au in a strongly
fractionated sequence of rocks, the Bushveld Igneous Complex.
In PART I of the thesis, the salient features of the
geochemical character of the PM's are briefly reviewed as based
on an examination of geological as well as early geochemical
data.
PART I
REVIEW OF THE GEOCHEMICAL CHARACTER
OF THE PRECIOUS METALS
-Forward-
A brief review of the salient geochemical features
of the PM's and in particular those for Pt, Pd, and Au is
presented in this section in order to introduce the reader
to the discussion which follows in PART II. The initial
phase of this study deals with the geological habit and
occurrences of the PM's and this is followed by a review of
their geochemical properties as known from previous experi-
mental work. Since much of this earlier experimental data is
discussed and interpreted in conjunction with the results of
this research in PART II of the thesis, no special attempt is
made to examine the geochemical features of the PM's in
detail.
GEOLOGICAL FEATURES
Platinum Metals*
Platinum metals (and gold) are economically concentrated
in certain primary or hypogene deposits and in placers, the latter
being the most important native metal source. Most hypogene
occurrences of the platinum metals are of Precambrian or Paleo-
zoic age and are genetically associated with mafic and ultra-
mafic igneous rock assemblages and in particular those which are
strongly fractionated. Commonly peridotites (eg. serpentine,
dunite, etc.); pyroxenites (ag. bronzitite, chromitite, etc.);
and often norites (or gabbros), form the host rocks for the
platiniferous deposits. This unique element-rock association
was recognized by Daubrie in the 170's, as noted by Kemp (68),
and is so marked that it has been applied the world over in the
exploration for hypogene platinoid ores (91). It is noteworthy
that the ultramafic rock types are early high-temperature frac-
tionates from a crystallizing melt which indicates that platinum
and associated metals are early in enrichment trends during ore
formation. Gold is often present, and when it is, it occurs
always in the native form.
This early enrichment on the part of Pt and Pd is
commonly believed to be the result of their high melting points
together with their general reluctance to combine with later
* Summarized principally from Kemp (68), Herlinger (60), Vogt
(112), and O'Neill and Gunning (90). The numbers in parentheses
refer to references in the Bibliography (Appendix).
Table I-1. Principal types of platiniferous deposits of hypogene origin.
Type
Ural pipes
Onverwacht Pipe
Chromitite Bands
Merensky Horizon
Vlack.fontein
Sudbury
Or igin*Erl gingRefaticc
Early magmatic
dissemination
Pegmatitic (?)
Early magmatic
segregation
Early magmatic
segregation
Immiscible liquid
segregation
Hydrothermal
1. Native Metal Deposits
Host Rock Ore Mineralogy
Mg-rich olivine dunite or
pyroxenite cores in basic
rock
Fe-rich hortonolite dunite
Pyroxenite
2. Sulphide Deposits
Pyroxenitic norite
Bronzitite, picrite
Quartz diorite (norite)
Selected
RefeArence
Pt-metal alloys and/
with chromite; mag-
netite, pyroxenite,
olivine.
Pt-metal alloys and/
with oxides; minor
sulphides.
Pt-metal alloys with
chromite and in
bronzite.
Cooperite, sperry-
lite, etc; Pt metals
in sulphides.
Pt metals in sul-
phides
Pt, Pd in sulphides;
sperrylite
* After Bateman (15).
(119)(37)
(113)
(113)
(113)
(113)
(118)
silicate minerals (95). The principal ore deposits for the plat-
inoid metals which are of magmatic origin verify this, consisting
of: (1) native metal alloys and/or chromite in ultramafic host
rocks, or as (2) sulfides and arsenides etc. of Pt and Pd in
intimate association with high-temperature nickel-copper sulfides
in mafic rocks (Table I-1). In the first type of deposit Pt is
the principal metal, and in the second much Pd may be present,
the two elements occurring either as discrete sulfide minerals
as for example braggite or sperrylite, or as solutes held in
solid solution within base metal sulfides like pyrite or
pyrrhotite (Table 1-2).
Table 1-2. Natural alloys and minerals of Pt and Pd (95, p.690)
Name Crystal System Composition
Platinum* Isometric 50% Pt
Platiniridium Isometric Pt, Ir
Palladium Isometric Pd
Allopalladium Rhombohedral Pd
Porpezite Isometric Pd + 10% Au
Potarite Isometric Pd + 65% Hg
Cooperite Tetragonal Pt S
Sperrylite Isometric Pt As2
Niggliite (secondary ?) Pt Te3 (?)Braggite (PtPdNi)S
Stibiopalladinite Isometric (?) Pd3 Sb
* Native Pt contains variable amounts of Ir, Pd, Au, Cu,
Fe, Ni, and Mn. For analyses of Pt, etc., refer for
example to Kemp (68).
The principal present day sources of the platinum
metals together with respective outputs for 1950 are given
in Table 1-3 to show the general distribution and types of
platinoid ores.
7.
Table 1-3. Principal world sources and production of
platinum group metals for 1950 (82, p. 1031)
Troy Oz.
Canada: refining Ni-Cu matte; placers ............. 269,442
U. of S.A.: Pt ores; refining Ni-Cu matte ......... 150,666
U.S.S.R.: refining Ni-Cu matte; placers ........... 100,000
U.S.A.: Au and Cu refining; placers ............... 37,855
Colombia: placers ................................. 26,455
Gold
Whereas the major hypogene deposits of the platin-
oids are not known in rocks more acidic than gabbro or norite,
world-wide gold deposits are found consistently with inter-
mediate and siliceous rock such as diorite and quartz mon-
zonites, as well as in association with alkaline rocks like
syenite (95).
In primary deposits gold is mainly contained in veins,
lodes, or shear zones; and these appear in rocks of many differ-
ent kinds. Hypogene gold deposits per se are variable in
origin ranging from hypothermal types, which are characteristi-
cally of Precambrian age, to mesothermal and epithermal bonanza
types which are invariably Tertiary in age (72). Furthermore,
gold occurs in magmatic and hydrothermal base metal ores from
which it may be recovered as a by-product from anode slimes
during the electrolytic refining of nickel and copper. Less
commonly it is contained in pegmatitic fractionates where it
seems to prefer the albite-rich or "complex" type of pegmatite
host (95). Gold is the most important placer mineral and is
concentrated in detrital deposits mainly by hydraulic action.
The ore minerals for gold are few, consisting pre-
dominantly of the native metal together with minor amounts of
gold tellurides, electrum, and the rare amalgam. Gold is
intimately associated with silver in tellurides and may also
occur as the native metal in base metal sulphides rich in As
and Bi where some of it is believed to have collected ionically
and to be held in the interstices of the metallic packings
(50). Hawley and co-workers have shown that hydrothermal gold
ores contain ubiquitous traces of Pt and especially Pd which
they surmise are present as discrete platinoid minerals (57),
(58). As reviewed by Aubel (11) and summarized by Bateman
(15), the typical gangue mineral for gold is quartz although
carbonates, fluorite, and other silicates, are often present.
Also, McKinstry (80) points out that chlorite and sericite, the
latter mineral being invariably a hydrothermal alteration
product, seem to be the most chemically receptive silicates
for hydrothermal gold deposition. For a general discussion
of the world-wide occurrences of gold together with the geologi-
cal aspects of the major ore deposits of this metal, see for
example Emmons (38) and Lindgren (72).
SELECTIVE ENRICHMIENT OF PRECIOUS METALS
IN METALLIC AND SULPHIDE PHASES
From the early experimental work* of Goldschmidt and
Peters (45)** performed in Gottingen and Oslo laboratories, as
well as from that of the Noddacks (86), (87), (88) of Berlin,
Goldschmidt (46) classified the PM's dominantly siderophile
and moderately chalcophile (sulphophile) in character as was
indicated by their selective enrichment in the iron and sulfide
phases of meteorites. For the Fe phase he reported an average
content of Pt a 20, Pd - 9, and Au 2 ppm; and for the troil-
ite (FeS), Pt = 2, Pd 2, and Au 2 ppm, indicating the
order of increasing siderophillic tendency to be Au, Pd, and
Pt. The PM's were not detected in the silicate phase of the
meteorites. It is interesting to note that DeMent determined
Au (and Ag) in a tektite (meteoric glass) from Billiton Island
(34). Goldschmidt and Peters also found that the noble metals
are notably enriched in native Fe of basalt, and here again
Pt appeared to be the most siderophillic of the PM's. The re-
sults of their investigation are tabulated below.
Locality Ru Rh Pd Ag Pt Au
Buhl at Kassel 5-10 0.2 0.5 ppm
Ovifak, Disko, Greenland 0.5 0.5 1 5-10 5 1-5 ppm
* The experimental methods used by Goldschmidt etc., are reviewed
in PART III.
**Much of the early research data which was written in German is
summarized and discussed in English in Goldschmidt's recent
text book (50). This reference was not available prior to
April, 1954.
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The siderophillic disposition of the PM's also was substan-
tiated by an investigation of the metallurgical products from
the Mansfield Kupferscheifer deposit in Germany by Cissartz
and Moritz (25). Here, the PM's were found to be enriched only
in the pig iron phase.
In 1951, Goldberg, Uchiyama, and Brown (43) studied
the distribution of certain trace elements in 45 iron meteorites,
and reported a mean concentration value of 3.7 ppm Pd with a
range of 1.44 to 9.88 ppm. The Au content varies from 0.5 to
2.5 ppm (Pt was not determined). They stated that Pd and Au
increased with each other but that the relationship is not a
"smooth one". The hexahedrites contain the lowest Pd values
and the Ni-rich ataxites the highest. It was noted that the
Pd and Au concentrations follow that of Ni. A linear rela-
tionship between Ni and the total platinoid content in iron
meteorites had been noted previously by Hawley in 1939 (56).
He found that samples containing 16% Ni have approximately
0.012% Pt metals; and samples with 6-8% Ni have about 0.0015%
Pt metals.
It might also be noted here that Nininger (85) de-
tected 8.33 ppm total Pt metals and 0.68 to 11 ppm Au in a
stony meteorite which fell near Melrose, New Mexico.
That the Pt metals and Au are readily concentrated in
telluric sulphides and arsenides and in particular the Ni-rich
and Co-rich ores was reported by Goldschmidt (50) from the
experimental work of the Noddacks (88) as well as from that by
Goldschmidt and Peters (45). The Noddacks published the
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following data as obtained from an investigation of laurite
and several pyrrhotite-pentlandite ores:
Ru Os Rh Ir Pd Pt
laurite (Os,RuS2 ) () 12 84 0.2 0.4 2.0 1.4
magmatic sulphides (g?) 1 0.1 0.3 0.4 4 2 x 10 6
Goldschmidt and Peters reported 0.1 to 5 ppm Au in molybdenite
from granite and about 0.5 ppm in each of the minerals pyrrho-
tite and sphalerite. Platinum and palladium were not detected.
In addition Goldschmidt noted that the ratio of Pt to Pd varied
somewhat according to the individual sulphide deposit and that
Au was commonly more enriched than either of the platinum
metals (45). In his recent book (50), Goldschmidt states that
in many of the crude nickel ores (e.g. Sudbury) the amount of
Pd is about one ppm and that for Pt is about one-third to one-
half of the Pd. Consequently it would seem that Pd on the whole
is more enriched in sulphides than is Pt.
At the Mineralogical Institute of Freiburg, Schneider-
hohn and Moritz (97) investigated spectrographically the dis-
tribution of PM's in the platiniferous Merensky Reef and hor-
tonolite dunite pipe deposits of the Bushveld Igneous Complex,
Transvaal. In Merensky Reef ore, which is believed to be of
magmatic origin, the PM's are selectively enriched in the sul-
phide phase. Nickeliferous pyrite contains 30-40 ppm total
noble metals; pyrrhotite 25-35 ppm; and pentlandite 10-20 ppm.
About one ppm is contained in each of the silicate components,
namely olivine, bronzite, and diallage. Chalcopyrite and plagio-
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clase are devoid of the metals. The results of the investiga-
tion indicate that the ratios of Pt to Pd for Merensky ore vary
from place to place. At Klipfontein-Krondal for example,
Pt:Pd is about 5:2, whereas at Schildpadnest, Pt is about equal
to Pd. Gold is as rich as Pd in each district.
In the Mooihoek pipe where native Pt is the principal
ore mineral, 10-20 ppm total noble metals are reported for the
oxide (principally chromite) and about 1-5 ppm are evaluated
in each of the silicate components, hortonolite, olivine,
diallage, hornblende, and phlogopite. In pegmatitic schlieren
from the Driekop pipe deposit, 5-10 ppm total noble metals are
present in each of oxide, diallage, and lepidomelane. It was
noted by Schneiderhohn that the earliest crystallates in each
of the sulphide and silicate phases are more enriched in PM's
than the later crystallizing minerals. They concluded that the
bulk of the PM's were precipitated early. In the presence of
sulphide (Merensky Reef) they are captured and held in solid
solution, and in the absence of sulphide (Mooihoek), they pre-
cipitate in the native state. Only a relatively small part of
the total amount of PM's is enriched in the pneumatolytic
fractions (Driekop).
It is of interest to note that Schneiderhohn (113)
reported that the nickeliferous iron sulphides of the hydro-
thermal deposits at Zwartfontein (Potgietersrust district,
Transvaal) are depleted in Pt and Pd and that the two metals
are present as sperrylite and stibiopalladinite. Hence, at
lower temperatures, the platinoids tend to crystallize as discrete
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minerals rather than be captured isomorphically within sulphide
structures as they are at higher temperatures (e.g. Merensky
Reef).
Hawley, Lewis, and Wark (57) investigated the distri-
bution of Pt and Pd in Sudbury ores and reported that most Pt
is associated with pentlandite (---,1 oz/ton) and that most Pd is
found in chalcopyrite (- 0.7 os/ton) and mixed arsenides
(-7 oz/ton); both metals occur in pyrrhotite and pyrite but to
a lesser extent. In a suite of 28 pyrrhotite specimens from
the Falconbridge deposit they reported an average content of Pt
and Pd equal to 0.021 and 0.008 oz/ton respectively. On the
basis of the erratic distribution of the PM's it was surmised
that Pt and Pd are present in the common sulphides as finely
intergrown minerals rather than as solid solution members.
At the time of this writing, the most recent investi-
gation conducted on ore minerals was that by Hawley and Rimsaite
(58) who evaluated the contents of PM's in some sulphide and
uranium ores, most of which were from Canada. Nickeliferous
ores contain one or more ppm Pt and lesser amounts of Pd and Rh.
Of the sulphides, chalcopyrite is richest in Pt metals although
pentlandite and pyrrhotite can also be as rich. In the magmatic
Insitzwa ores, Pt and Pd are concentrated in chalcopyrite rather
than in pyrrhotite, pyrite, or pentlandite. In the non-
nickeliferous copper-iron sulphides, however, the contents of
Pt and Pd are notably lower than in the Ni-rich sulphides and
here Pd is always in excess of Pt. They indicated that since Ni
is an index for platinoids, its concentration in sulphides be
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used for delineating metallogenetic provinces rich in Pt metals.
The highest PM values were determined in some of the Canadian
uranium ores which contain up to 400 ppm Pd, 70 ppm Pt, and
2200 ppm Au.
PLATINUM, PALLADIUM, AND GOLD IN IGNEOUS ROCKS
Compared with the wealth of information available for
many trace elements, relatively little is known of the distri-
bution and habit of Pt, Pd, and Au in igneous rocks. Within
the last decade several new schemes of analysis have been
developed and applied with fervor to the geochemical investi-
gation of trace element behavior yet with this advancement,
basic research on the PM's seems to have been neglected except
in the study of meteorites and the minerals (see above).
Undoubtedly the major reason for the apparent omission of PM's
from the program of data collection is directly related to the
difficulty and tediousness of performing an analysis although
the utilization of spectrographic procedures has reduced much
of the analytical time required. Furthermore, there is a
general tendency to shy away from research that encroaches on
earlier work performed by scientists of high repute and this
may have some bearing on the scarcity of the determinations for
P's. At any consequence, the abundance values for PM's in rocks
and silicate minerals are scanty and those that are available
are probably not too accurate since variable quantitative and
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semi-quantitative analytical techniques were used for evaluating
the early data (see PART III). Although many of the earliest
determinations have been questioned, for example by Goldschmidt
(46), they are utilized here for introducing and anticipating
the geochemical patterning of PM's in rocks.
To the writer's knowledge, the earliest reference to
any of the PM's in igneous rocks of the U.S.A. is that quoted
by Clarke (26) for the experimental work conducted by Wagoner in
1901 (114). It is interesting to note that this work was carried
out primarily to test host rock of ore deposits for gold
supposedly emplaced by lateral secretion. Wagoner reported a
Au content of 0.026 ppm in a basalt; 0.076 in a diabase; and
0.1-1.1 in granites.
In 1927, Lunde (78)*, a co-worker of Goldschmidt, re-
ported contents of 0.74 to 0.2 ppm total Pt metals for dunite,
peridotite, and hornblende gabbro sampled from Norwegian intru-
sives. In the following year, Lunde and Johnson (79) published
additional data on the total Pt metal content of some ultramafic
rocks. Norwegian serpentines contain 0.05-0.009 ppm; chromi-
tiferous serpentines 0.37; and chromite, 1.28-30. Dunite and
pyroxenite from the Ural Mountains assayed 0.01-0.07 ppm,
whereas gabbro from the same region showed a value of about
0.2 ppm. Even as early as this it was apparent that Pt metals
* Lunde lists several references pertaining to previous quali-
tative work conducted on the distribution of Pt metals in
the Ural deposits.
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are enriched in early ultramafic differentiates and especially
in dunite or serpentine rich in chromite, because the oxide
per se is a favorable host mineral. Gold, up to 0.65 ppm, was
determined only in such silicates as the pegmatitic rare earth
minerals as well as in associated columbate-tantalate minerals.
In 1931, the Noddacks (87) published a considerable
amount of data on the concentrations of numerous trace elements
including Pt, Pd, and Au, in various minerals and rocks. Some
of their results for magmatic silicates and oxides are listed
in Table 1-4.
Table 1-4. Pt, Pd, and Au content (p in
some rocks and minerals (7).
No. of
Specimens Type Locality Pt Pd Au
3
3
:1
2
1.
4 alvite
2 albite
!l basalt
6 beryl
1 bronsite
2 diopside
1 eclogite
4 gadolinite
.5 granites
4 hornblende
3 lavas
.6 stony meteorite
(olivine, bron-
zite, pyroxene)
9 olivine (from
stony meteor-
ites)
olivine
8 orthoclase
5 serpentine
2 thortveitite
4 zircon
3 columbite
3 chromite
2 psilomelane
3 cassiterite
Norway
Riesengebirge
Kaiserstuhl
Norway
Tyrol
Central Alps
Norway
Norway
Norway, etc.
Norway, Green-
land
Vesuvius
Chile, Italy
Imilac, Chile
Fichtelgebirge
Harz, etc.
Ural
Norway
Ceylon, Norway
Norway, etc.
Norway
Harz
Zinnwald
5
0
0.1
0.02-0.05
0.02
0.01
0.01
0.1-5
0.01-0.05
0-0.02
0.04
0.03-0.1
0
0.08
0-0.03
0.1
4
0.04-0.1
1-3
0.2-4
10
0.5
Note: "O" signifies that metal was not detected and
metal was not determined.
"-" implies that
5
0
0.05
0
0*01
0.02
0
0-3
-a
0-0.01
0.01
-M
0.05
0.08
3
1
0.1
4
0.4
0
0
0
0
0
0
0
0-0,2
0
0
0
0
0
0
0
0
to 0.05
0.2
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Although the quoted Au values seem to be low since Au is not
detected in basalts or granites, the general distribution of
the PM's, and in particular Pt and Pd, are instructive. It
is indeed surprising to note that some of the highest of the
Pt, Pd, and Au values are found in such pegmatitic minerals
as alvite, gadolinite, and columbite. Psilomelane, too, is
strongly enriched in the PM's, indicating that the PM's may
be collected or redeposited by colloidal manganese under
conditions of weathering. Chromite, as was noted by Lunde and
Johnson (see above), is a favorable host and here it is apparent
also that Pt is enriched in the oxide somewhat more than Pd.
The research conducted by Schneiderhohn and Moritz
(97) on the distribution of PM's in minerals from the Pt
deposits of the Bushveld Complex has been noted above and
need not be reviewed further at this time.
In 1932, Goldschmidt and Peters (45) reported a
norite from the Merensky Reef as containing 0.2 ppm Pt and
0.2 ppm Pd and a basalt from Asuk, Disko (Greenland) as con-
taining from 0.02 to 0.24 ppm Pt metals. Six chromites were
also investigated and three of the samples each contained about
2 to 7 ppm total Pt-metals and 0.2 ppm Au. This again sub-
stantiated the earlier observations of Lunde and Johnson (79)
and the Noddacks (87) and later confirmed by Schneiderhohn and
Moritz (97) that in chrome-bearing peridotites, the PM's are
selectively concentrated in the oxide.
Holmes (63) reported a Au content of 0.1-0.5 ppm
and a Pt metals content of < 1 ppm in a sample of kimberlite
from the Dutoitspan pipe (South Africa).
From an investigation of a suite of ultramafic rocks
of the Black Forest in Germany, Leutwein was able to differ-
entiate certain ortho-rocks from para-rocks on the basis of
their PM content (71). He concluded that amphibolites of sedi-
mentary origin were characteristically low in PM content whereas
those of igneous origin were relatively high. The results of
Leutwein's analysis on the magmatic rocks are given in Table
1-5.
Table 1-5. Pt, Pd, and Au content (ppm)
in ultramafics (71).
Pt Pd Au
Pyroxenite 0.5 0.09 0.10
Amphibolite 0.08 0.08 0.10
Garnet amphibolite 0.05 0.08 0.10
Garnet amphibolite 0.1 0.1 0.2
Eclogite amphibolite 0.2 0.08 -
Dunite 0.2 0.10
The results in Table 1-5 indicate that the pyroxenite
is a more favorable host for Pt and Au than the dunite. On the
other hand, Pd values are fairly constant for each of the rock
types (--0.09 ppm) indicating that Pd is less variable in con-
centration than Pt. The ratio values for Pt to Pd are highest
in the pyroxenite (5:1) and lowest in the amphibolite (1:1).
In 1952, Bennet and Roberts (18) reported an average
of less than 0.03 ppm Au in a suite of Borneo rocks consisting
19.
of a dunite, a quartz aplite, and a "sill" rock. In the publi-
cation no other pertinent geochemical or related information was
given by the authors although it was stated that a more compre-
hensive investigation of Au in rocks was forthcoming.
SUMMARY
The main geochemical properties of the PM's were re-
viewed on the basis of previous data pertaining to their geolo-
gical associations as well as to the early investigations made
on their distribution in meteoritic and telluric phases. It
may be concluded that Pt, Pd, and Au are strongly siderophile,
moderately chalcophile, and weakly lithophile in geochemical
disposition.
In the presence of a metal phase like iron (or native
platinum) the PM's readily alloy with the metal and are con-
centrated therein. In the presence of a sulphide-like phase
they may either bond with sulphur etc. and form discrete minerals
or, as in the case of the platinoids, be accepted in nickel-
iferous magmatic sulphides probably as solid solution members.
Gold differs from Pt or Pd in that it does not seem to bond
with sulphur and therefore is retained in sulphides either in
the native form or as ionic dispersions within the metallic
packings (50). It also forms a stable complex with sulphur
(AuS~) and thus may be dispersed or concentrated in late frac-
tions (69). In general, Au is more enriched in sulphides than
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either Pd or Pt and furthermore, Pd usually exceeds the amount
of Pt. However, the relative trace amounts of each PM in an
ore depend somewhat on the sulphide minerals present since some
sulphides seem to be a more favorable host for one PM than they
are for another.
In the absence of a metal or sulphide-like phase,
the PM's are reluctant to combine with silicates and thus
tend to crystallize early in the native form. Rankama and
Sahama (95) state that the Pt metals are almost completely
absent in rocks crystallized during the main stage of differ-
entiation, since the bulk of the metals are removed with the
early differentiates. As the PM's precipitate they are in-
corporated selectively in the oxides (e.g. chromite) rather
than the mafic silicates. Since the tendency is for the re-
mainder of the noble metals and in particular Au (as AuS"?)
to be rejected from silicates during differentiation, they are
enhanced in late fractions where they are commonly distributed
in certain pegmatoid minerals or are concentrated as "hydro-
thermalates" (e.g. native Au). Rankama and Sahama surmise
that the PM's are transported colloidally in magmatic liquors
in the native state because of their chemical inertness.
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PART II
DISCUSSION AND INTERPRETATION OF
EXPERIMENTAL RESULTS
-Forward-
A discussion of the results compiled from the fire
assay-spectrochemical investigation of several igneous rocks
and chondrites is presented in this section and unless stated
otherwise the results have been taken from Table III-11.
All the PM concentration values for rocks as given
in the several tables below have been adjusted, unless noted
otherwise, as reasonably as possible for slag and cupel losses.
The methods of correcting fire-assay losses are outlined in the
discussion of losses (PART III). Because of the difficulty of
correcting for these losses in the trace element concentration
range, it must be appreciated that some of the assays given
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may be in error. Nevertheless the writer has discussed and in-
terpreted the results on the assumption that the values, with
noted exceptions, are more or less correct.
The numbering of the samples in the discussions and
tabulations to follow corresponds to the numbering in the
"Specimen List" (Appendix). This list may be consulted by the
reader for supplementary references to location, mineralogy,
etc., for the various specimens.
The discussion which follows considers the general
abundance and distribution characteristics of Pt, Pd, and Au
in the major rock types investigated as well as between the
various specimens making up each rock type. Because this work
was more of a survey nature rather than a specialized examina-
tion, no great attempt was made to delve into the more detailed
geochemical aspects of the PM's. It will be seen that special
consideration is given to the specimens from the Bushveld
Igneous Complex since these rocks reflect certain aspects of
the differentiation trends of the PM's in a strongly fraction-
ated group of co-genetic rocks. For this purpose a separate
section is given to a discussion of the PM's and their selec-
tive patterning during differentiation of the Bushveld magma.
The final phase of the discussion deals with the geochemical
coherence of Pt, Pd, and Au in igneous rocks.
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ABUNDANCES OF PRECIOUS METALS IN
ROCKS AND CHONDRITES
Acidic Rocks
Seven analyses were made of various acidic rocks, five
of which were from the salic facies in the central portion of
the Bushveld Igneous Complex* and the remainder were from two
stock-like bodies in the U.S.A. The results of the investigation
are shown in Table II-1.
Table II-l. Pt, Pd, and Au content (ppb) and
PM ratios for some acid rocks.
Pt Pd Au Pt/Pd Pt/Au PAt+Pd
1. Rooiberg felsite <3 <3 113 ~1.0? (0.03 (0.06(3. Kalkfontein granophyre <3 <3 3.1? ~-1.0? <1.0? <2?)
5. Groblersdal granite 5 11 92 0.4 0.05 0.17
6. Janefurse granite 8 12 59 0.7 0.1 0.34
35. Spitskop ijolite 7 6 102 1.2 .07 0.14
Mean (Bushveld) ~-"3 ~5 80 -0.60 -0.04 ~-0.14
41. Dedham granodiorite (3 <3 79 '-l.O? 0.04 0.08
45. Pikes Peak granite (3 <3 32 -1.0? 0.09 0.18
Mean (others) (3 <3 56 -' 1.0? K0.05 (0.10
The most striking feature of the results is that the
two granites and the ijolite from the Bushveld complex are the
richest in Pt and Pd, and indeed are the only specimens which
gave evaluatable amounts of these metals.** The Bushveld granite
* For a summary of the geology of the Bushveld Complex see p. 151,
etc.; and for a detailed account, refer to Hall (52).
** To the writer's knowledge this is the first successful attempt
to detect and evaluate Pd in granitic rocks.
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commonly referred to as the "Red granite" and believed to have
been intruded after the norite intrusion (52, p. 143), averages
about 7, 11, and 75 ppb in Pt, Pd, and Au~ respectively.
The Spitskop ijolite (or urtite) which, according to
Strauss and Truter (105), has locally intruded Bushveld granite
at Spitskop, contains about equal amounts of Pt and Pd (6-7 ppb)
and has a gold content of 100 ppb. The Rooiberg felsite, which
is a member of the series into which the upper Bushveld phases
were intruded, is lacking in Pt and Pd but relatively high in
Au (113 ppb). The gold value of 3.1 ppb for the Bushveld grano-
phyre is doubtful.
The Dedham granodiorite of i'assachusetts and the Pikes
Peak granite of Colorado are apparently much lower in Pt and Pd
than the Bushveld granites although their gold content is about
the same. When the two rocks from North America are compared
with each other it is seen that the more basic Dedham grano-
diorite is over twice as rich in gold as the acidic Pikes Peak
granite.
The values for Pt/Pd, Pt/Au and Pt+Pd/Au are variable,
with the first relationship ranging up to 1.2 and the others
ranging to an upper limit somewhat less than unity. A comparison
of the ratios for the Bushveld specimen reveals conclusively
that Pd is more enriched with respect to Pt in granite than in
the ijolite while Au remains about constant for both types.
Be this as it may, Pd apparently exceeds Pt in granite, and this
is an important indication of what may have happened to Pd during
the differentiation of the Bushveld magma since relatively few
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rock types in the Bushveld Complex are so enriched in Pd relative
to Pt (p.35letc.).
It is difficult to give even an estimation of the mean
abundances of Pt and Pd in the acidic group of rocks because
minimum values are not obtainable for some of the specimens.
All that can be said is that by inspection, the mean abundances
might be in the order of 3 ppb for Pt and 5 ppb for Pd and even
at that these values might be too high.* Excluding the Au assay
for the granop re, the gold content for the acidic rocks is about
A
80 ppb. The Pt/Pd, Pt/Au and Pt+Pd/Au values are 0.60, 0.04,
and 0.14 respectively, as determined from these average PM values.
From these ratios it follows that in acidic rocks, Pd is probably
twice as abundant as Pt, and that the Au content is almost 7
times greater than the combined Pt and Pd content.
For comparison, the range of PM values as obtained
from this investigation of the Bushveld granites is listed in
Table 11-2 together with the few previous determinations made
by other workers.
Table 11-2. Pt, Pd, and Au content (ppb)
in some granitic rocks.
Pt Pd Au
Nevada granite (Wagoner) -- -- 100-1100
Norwegian etc. granite (Noddacks) 10-50 -- --
Borneo acidics (Bennet) -- -- <30
Bushveld granite (J.C.H.)** 3-8 3-12 32-113
* Based on the personal judgement of the writer.
** Writer.
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The range of Pt values (10-50 ppb) given by the
Noddacks (87) for 15 granites is probably too wide, although
the lower value of 10 ppb checks with the value of 8 ppb obtained
by the writer. Wagoner's (114) lower Au value lies within the
range obtained by the writer but the other value of 1100 is
undoubtedly high. The value given by Bennet and Roberts (18)
is rather low and this may be a result of not correcting for
Au losses which occur during assaying. If their value be
corrected by a factor of two, which is close to the average
correction factor used by the writer for adjusting total Au losses
in slags and cupels, it is seen that their value would come within
the range of the writer's (i.e., / 60 ppb).
From the above it may be concluded that the acidic
rocks of the Bushveld Complex are richer in platinoids than
the Pike's Peak or Dedham granites. Furthermore, Pd exceeds Pt
in the Bushveld granites and this would seem to indicate that
other magmatic granites should also be enriched in Pd relative
to Pt.
It is noteworthy that the Rooiberg felsite and grano-
phyre (Kalkfontein) which preceded the noritic magma of the
Bushveld gave negative assays for Pt and Pd whereas the later
granites and ijolite gave detectable values for these two
elements. This, to the writer, implies that the granites, at
least, were derived from the Bushveld magma and do contain
traces of the platinoids which were largely concentrated within
the lopolithic portion of the Complex. That the granites of the
Bushveld are genetically related to the Bushveld magma is the
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general view held today by Hall. On the other hand, and this
may apply more directly to the ijolite since Truter believes
it to be a later development and not related to the Bushveld
magma, the Pt and Pd present may be a result of contamination
by assimilation of platiniferous rocks through which these
salic melts were intruded (p.151, etc.).
Basalts
Of the 16 basalt specimens investigated, 5 are repre-
sentative of the olivine-rich oceanic basalt magma and the
others are from a world-wide cross-section of plateau or flood
basalts, representing principally the tholeitic or low-olivine
type of magma which is generally confined to continents.
As reviewed by Turner and Verhoogen (108), the oceanic
basalts are commonly more alkaline and less siliceous than
most of the plateau basalts although this is not an all-inclusive
rule. Because both the oceanic and continental magma types are
drawn from primary sources at depth (sima) and since the plateau
magma was extruded through continental fissures it is generally
believed that the plateau basalts are somewhat more contaminated
than the oceanic basalts. For an excellent summary and review
of the origin, differentiation patterns, etc., of the two types
of basalts see Turner and Verhoogen (108).
In the discussion that follows, the abundances of the
PMts in the plateau basalts are considered first and this in turn
is followed by a section on oceanic basalts, in which the results
for both groups are compared with one another. Next, the results
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obtained from this research are summarized and compared with
some previous determinations. Finally, some conclusions are
presented.
Plateau Basalts
The concentration values determined for the plateau
basalts are given in Table 11-3. The results for the Deccan
trap, No. 55, may be low as indicated by the comparatively
high PM values for the other Deccan specimens (No's. 53, 54,
56) and consequently they are considered questionable.*
Table 11-3. Pt, Pd, and Au content (ppb)
and PM ratios for some plateau basalts.
Pt Pd Au Pt/Pd Pt/Au PAt+Pd
40. Yellowstone 48 26 160 1.8 0.31 0.46
51. Columbia (composite) 18 10 110 1.8 0.17 0.26
52. Columbia (composite) 13 6 63 2.2 0.20 0.30
68. Keweenawan (amygdaloidal) 21 13 127 1.6 0.16 0.27
69. Colorado (olivine) 5 28 116 0.17 0.04 0.28
70. Mexican (olivine) 15 7 43 2.3 0.36 0.51
53. Deccan (composite) 19 56 126 0.34 0.15 0.60
54. Deccan (composite) 43 173 124 0.25 0.35 1.7(55. Deccan (composite) 16 22 29 0.55 0.70 1.3)
56. Deccan (composite) 25 225 141 0.11 0.18 1.8
30. Karroo 48 100 130 0.47 0.37 1.1
Mean (omitting No. 55) 26 67 114 0.38 0.22 0.81
An overall survey of the PM content in the flood basalts
reveals a highly variable concentration range for Pd (6-225 ppb),
and a less variable range for Pt (5-48 ppb) and Au (43-160 ppb).
* According to Dr. V.S. Dubeey (personal communication) this
sample may be relatively high in ash and sedimentary materials
which are intercalated in the basaltic flows; consequently it
would be expected to show somewhat lower values than the other
Deccan samples.
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The mean contents of Pt, Pd, and Au in the group are 26, 27,
and 114 ppb respectively, indicating that the content of Pd is
almost three times that of Pt. The rather high Pd mean is a
result of the influence of the Deccan and Karroo rocks which in
general are higher in Pd than any of the other basalts.
Within the plateau group certain features are apparent.
From the similarity of values for the two composite samples of
Columbia basalt, one being from Oregon (No. 51) and the other
from central Washington (No. 52), it appears that the PM con-
tents, with the possible exception of Au, remains fairly con-
stant in the Columbia lavas.
The values for the Columbia basalts are similar to
those for the Keweenawan and the Mexican flows. On the other
hand, the content of PM's in the Yellowstone rock is somewhat
higher and the olivine-bearing basalt from Colorado somewhat
lower at least in Pd. It is noteworthy that with the exception
of the Colorado specimen, the North American basalts are richer
in Pt than in Pd by a factor of about two.
In the Deccan and Karroo basalts the relative amounts
of Pt and Pd are reversed and here the rocks are characterized
by having an abundance of Pd that far exceeds their Pt content
(50-225 ppb vs 19-48 ppb). Furthermore, these rocks from the
Eastern Hemisphere are "loaded" with Pd as compared with all
the other basalts investigated in this research, and yet there
is no marked change in Au or Pt content to parallel their high
Pd values.
Thus, on the basis of Pt/Pd values there appear to be
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two major groups of rocks within the plateau basalts. The
first group, the North American rocks, has a higher than unity
value for Pt/Pd (1.6-2.3); and the second, the Deccan and
Karroo lavas, has a lower than unity value for Pt/Pd (0.11-
0.55). At this time there is no apparent reason for, say, the
Deccan traps to have a characteristically low Pt/Pd value
unless such a value indicated that the primary composition of
the Indian magma differed from that of say the Columbian magma.
It is shown elsewhere (p.l7) that there seems to be an increase
in the Pt/Pd value for a differentiated series of rocks and if
this could be applied here it would indicate that the basalts
(North American), showing a Pt/Pd value greater than unity,
may have been more differentiated before extrusion than the
higher than unity group (eg. Indian flows). The oceanic basalts
(Table 11-4) also exhibit a high Pt/Pd value (~-1.5) and there-
fore it seems likely that the North American basalts stemmed
from a non-tholeitic (?) type of magma similar in composition
(or origin ?) to the oceanic type. If this be true, then the
low Pt/Pd value as exhibited by the Deccan and Karroo flows is
indicative of the tholeitic type of lava.
A comparison of the average chemical composition of
the Deccan traps with that for the Oregon basalts (108, p. 180)
reveals that the Deccan flows are lower in Na and K yet higher
in Ca, Mg, and Fe. From this it might be expected for Pt and
Pd to follow the early Fe and Mg since the platinoids tend to
be enriched in mafic rocks high in pyroxene and olivine
(p.151, etc.). This seems to be the case here at least for Pd,
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although Pt shows only a slight enrichment in the Deccan rocks.
Also, the gold content remains about the same for the two rocks.
It may also be interesting to note the change in con-
ceruration of Pt, Pd, and Au within the Deccan traps. As de-
scribed elsewhere (Appendix), the three Deccan composite samples
(No's. 53, 54, and 56), although collected from different areas,
were sampled from different stratigraphic ranges within the lava
series. The range of elevation; the number of individual speci-
mens comprising each composite; and the PM values (Table 11-3)
for each sample are given below.
Sample
No. S ecimens Elevation Pt Pd Au
56. 20 1574-2543' 25 225 141
54. 11 1155-2182 43 173 124
53. 20 200-1600 19 56 126
From the tabulation it is seen that the upper or later
flows are somewhat more enriched in Pt, Au, and especially Pd
than the lower or earlier flows. This is what might be expected
if there had been some gravitative segregation of the PM's in
the basaltic magma prior to the outpourings or, and this seems
more logical, the earlier flows were more contaminated by acidic
(low Pt, Pd) rock than the later flows and consequently, should
show lower PM values because of initial dilution.
To take this discussion on the Deccan traps a step
further, it might be well to compare this stratigraphic change
in PM's with the corresponding change in major element concen-
tration. According to Krishnan (70), the upper flows are lower
32.
in MgO (4.18 vs 5-34), GaO (8.20 vs 10-34%), TiO2 (0.63 vs
2.79%) and Fe203 (2.83 vs 3.05%); and slightly higher in Na20
(3.25 vs 2.38%), K20 (0.93 vs 0.59), and total H20 (2.58 vs
2.32%) than the lower flows as a result of differentiation
from basic to more acidic crystallates. Thus, the PM's and
especially Pd appear to be antipathetic to the behavior of
the octahedral elements during the formation of a basaltic
series like the Deccan traps but, as noted above, seem to follow
the octahedrites when major provinces of basalt, like the Deccan
traps and the Columbia flows, are compared. W.hether these re-
lationships are real or not will have to be substantiated by
additional research. All that may be concluded here is that
in a relatively nondifferentiated rock like basalt, the pattern-
ing of Pt and Pd may or may not follow that for the octahedral
elements like Fe and Mg. Perhaps there should be some tendency
for Pt and Pd to follow these elements since the platinoids
seen to substitute for Fe at least during the fractionation of
a basic magma undergoing strong differentiation (p.131). This
trend was not brought out here in the study of the Deccan magma
which, of course may have been contaminated enough to distort
the true patterning of Pt and Pd resulting from mild differen-
tiation.
Oceanic Basalts
The concentration values determined for some oceanic
basalts, principally from the Hawaiian Islands, are given in
Table 11-4.
33.
Table 11-4. Pt, Pd, and Au content (ppb) and
PM ratios for some oceanic basalts.
-& Pt+PdPt Pd Au Pt/Pd Pt/Au Au
48. Hawaii (olivine) 35 47 170 0.73 0.21 0.48
49. Hawaii (augite) 17 11 90 1.5 0.17 0.31
66. Hawaii (olivine) 10 9 75 1.0 0.13 0.25
67. Hawaii (chrysolitic) 44 15 119 3.1 0.37 0.50
108. Azores (olivine) 18 4 77 4.6 0.23 0.29
Mean 25 17 106 1.5 0.23 0.40
As seen from the presented values, there is no marked
difference between the PM content of the Hawaiian basalts from
the Pacific basin and that for the Azores basalt from the
Atlantic basin. Within the Hawaiian suite variations in Pt with
respect to Pd are apparent but on the whole the values for the
oceanic rocks are very similar.
As with the continental basalts, the concentration
values here are just as variable with Pt, Pd, and Au ranging
from 17-44, 4-47, and 75-170 ppbrespectively. In the island
basalts, however, the mean contents of Pt, Pd, and Au are 25,
17, and 106 ppb respectively; indicating, on the average, that
these rocks are similar in Pt (25 vs 26 ppb) and Au (106 vs
114 ppb) but are much poorer in Pd (17 vs 67 ppb) than the
plateau specimens.
The Au content of the island basalts is in excess of
their combined Pt and Pd content (Pt+Pd/Au = (1) whereas with
some of the flood basalts (Deccan and Karroo), the platinoid
content was often in excess of the Au (Pt+Pd/Au 3 ?1). The
high Pt/Pd mean of 1.5 for the oceanic basalts readily dis-
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tinguishes these flows from the plateau basalts which are
characterized by a Pt/Pd value less than unity (0.38). As was
noted in the aforementioned discussion on the plateau basalts,
with the exception of the Deccan and Karroo rocks, the PM con-
tents for the oceanic and continental flows are alike in PM
contents and in ratio values. It was suggested that this simi-
larity indicated that one group of plateau basalts (Pt/Pd => 1)
was derived from a magma petrogenically similar to the oceanic
type (non-tholeitic).
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Summary
The results for the basalts are summarized diagram-
matically in Figure 1.
In Table 11-5, the mean PM values and ratios for the
plateau (Table 11-3) and oceanic (Table 11-4) basalts are summar-
ized together with some previous results compiled from an earlier
investigation by the Noddacks (Table 1-4).
Table 11-5. Average Pt, Pd, and Au content (ppb)
and PM ratios for world-wide basalts.
Pt+Pd
Pt Pd Au Pt/Pd Pt/Au Au
(1) Kaiserstuhl basalts (87) 100 50 ND 2.0
(2) Vesuvian basalts (87) 40 10 ND 4.0
(3) Plateau basalts (J.C.H.) 26 67 114 0.38 0.22 0.81
(4) Oceanic basalts (J.C.H.) 25 16 106 1.5 0.23 0.40
Mean (3), (4) 26 41 110 0.63 0.24 0.61
Except for the Pt content of 100 ppb reported for the Kaiserstuhl
basalts, the values obtained by the writer are comparable to
those of the Noddacks. Similarly, the Pt/Pd values for the
Kaiserstuhl and Vesuvian flows (plateau basalts) resemble those
given for the North American rocks in Table 11-3.
It may be noted here that the mean values given in
Table 11-5, which are considered to be representative of crustal
oceanic and continental basalts, are used in the determination
of the average abundance of PM's in crustal igneous rocks
(p.90 ).
37.
In a world-wide sampling of basalts it was found that
the rocks from North America were similar together in PM con-
tent and ratio values but as a group had a Pt/Pd value greater
than unity; and in this way differed considerably from the
Deccan and Karroo rocks which were characteriz3d by having a
Pt/Pd value less than unity. The oceanic rocks also were
together similar in PM content but differed from the Deccan and
Karroo basalts in having a Pt/Pd value greater than unity.
Consequently it may be concluded that two major rock groups
are distinguishable on the basis of Pt/Pd values and that these
groups represent:
(1) the olivine-bearing oceanic type magma (Pt/Pd a >l); and
(2) the low-olivine or tholeitic type magma (Pt/Pd a <l).
The variation in Pt and especially Pd between these two magma
types is probably an inherent difference, being related to
their petrogenesis.
Platinum and Pd seem to follow the major octahedral
elements in trend when major basalt provinces are compared, but
do not follow them when an individual unit like the Deccan
traps is studied. The Deccan series was found to enrich in Pt
and Au and expecially Pd from bottom to top indicating that
the later fractionates of a mildly differentiated magma are
richer in PM's. This may be a result of early contamination
which would tend to dilute the PM contents of the early
(lower) extrusions.
38.
Diabases
Of the 6 diabase specimens analysed, 5 are from in-
trusives of Canada and one is a sample from the Palisade sill
in New Jersey. These rocks are fairly representative of con-
tinental diabases which in turn are considered to be the in-
trusive equivalents of plateau basalts. As summarized by
Turner and Verhoogen (108, Chap. 9), many closely resemble
the composition of the tholeitic basalts and are usually poor
in olivine unless it has separated out and accumulated, as in
the lower section of the Palisade sill, by gravitational settling.
Typically, the diabases consist of calcic plagioclase and
pyroxene with minor amounts of orthoclase and quartz together
with iron ores, biotite, hornblende, and apatite.
The results of the investigation on the diabasic
rocks are presented in Table 11-6. Specimens 37, 42, and 43
were checked microscopically for the presence of olivine by
Professor H.W. Fairbairn (39).
Table 11-6. Pt, Pd and Au content (ppb) and
PM ratios for North American diabases.
Pt Pd Au Pt/Pd Pt/Au Pt+Pd
36. Logan 15 19 89 0.76 0.17 0.38
37. Post Nipissing (olivine) 27 21 93 1.30 0.29 0.52
42. Nipissing (altered) 80 590 270 0.14 0.29 2.5
43. Nipigon folivine) 118 24 25 4.9 4.8 5.7
44. Palisade (contact phase) 10 9 6 1.0 1.6 3.2
71. Yellowknife 14 7 21 1.9 o.66 1.
1st Mean 44 111 84 0.40 0.52 1.8
2nd Mean (omitting No. 42) 37 16 47 2.3 0.79 1.1
39.
A study of the PM values for the diabases reveals a wide
concentration range for each of the PM's: Pt a 10-118, Pd = 7-590,
and Au = 6-270 ppb. The mean contents of Pt, Pd, and Au in the
group are 44, 111, and 84 ppb, indicating that the rocks are al-
most three times richer in Pd, and about two times richer in Au
than they are in Pt. When compared with the mean abundances for
the plateau basalts (Pt = 26, Pd = 67, Au 114 ppb), these
diabases appear to be much richer in Pt and Pd but somewhat
poorer in Au. It is noteworthy that the mean Pt/Pd values for
the two rock groups are almost identical (0.38 vs 0.40); and
that the mean Pt/Au and Pt+Pd/Au values of the diabases are
higher than those of the plateau basalts by a factor of two
(Table 11-3).
The extreme Pd value for specimen 42 (590 ppb) may
be a direct result of hydrothermal (?) mineralization (see
below) and consequently the mean value for Pd may be too high.
If the results for this specimen are excluded, the mean assays
for Pt, Pd, and Au come to 37, 16, and 47 ppb (Table 11-6).
On the basis of these second values, the diabases are closer
to the oceanic basalts (low-olivine) at least in Pt and Pd
content (Table 11-4). If these second values more closely
approximate the mean PM content, then this would indicate that
the diabases investigated here are not typical representatives
of the type of basalt (eg. Deccan, Karroo) derived from a
tholeitic magma. For lack of further information then, the
mean values as computed with the Pd-rich specimen (No. 42)
will be considered as representative of the diabases with the
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consideration that the resulting mean Pd content (111 ppb)
is probably too high.
In the group, Pt and Pd tend to follow each other
irregularly whereas Au seems to be quite independent of the
platinoids until the peak amount of Pd (590 ppb) is attained
in the specimen of altered Nipissing rock and then it en-
riches markedly to 270 ppb.
Within the group, the highest values are found in
the Ontario diabases. Of these, the altered (hydrothermally ?)
Nipissing specimen is the richest in Pd (590 ppb) and Au (270
ppb) but is not as high in Pt as the olivine-bearing Nipigon
rock (80 vs 118 ppb) which in turn is markedly low in Pd (24 ppb)
and Au (25 ppb). Of the Ontario diabases, the Logan sill rock
and the olivine-bearing Post Nipissing intrusive are poorest
in Pt (-~-20 ppb) and Pd (--20 ppb) but are fairly rich in
Au (i--91 ppb). From this it is apparent that the Pt/Pd values
as well as the Pt/Au values for the Ontario diabases are quite
variable, 0.14-4.9 and 0.17-4.8, respectively. It is note-
worthy that the highest Pt/Pd value (4.9) is attained in the
olivine-rich Nipigon intrusive and the lowest Pt/Pd value is
reached in the altered Nipissing sill.
Thus, Pt is enriched relative to Pd in the high
olivine rock (Pt/Pd = >1) and this parallels the enrichment
trends of the two metals as determined in the peridotites
(p. 71, etc.). The Nipissing diabase (Keweenawan age) is
genetically (?) associated with the cobalt-silver veins of
Cobalt, Ontario (72, p. 604) and consequently it might be
41-
expected to contain minor amounts of sulphides related to ore
mineralization. If this is true, and it probably is, then the
ability for Pd to enrich over Pt is undoubtedly a result of
its stronger sulphophillic nature, see "Summary" (PART I).
The Palisade specimen, which was collected immedi-
ately above the lower contact of the sill, and the Yellowknife
specimen have similar contents of Pt (-12 ppb) and Pd (~8 ppb)
but the latter is almost four times richer in Au (21 vs 6 ppb).
The rather low PM values in the Palisade specimen are
suggestive of a lean enrichment in PMts in the olivine-bearing
basal section of the Palisade sill. However, there may have
been some dilution of the original PM content in the Palisade
magma, at least in this contact specimen, and this may be an
important factor here in causing the low PM values.
Specimens 37, 42, and 43 have been analysed for
several trace elements by Fairbairn, Ahrens, and Gorfinkle (39)
and an inspection of their results indicates that there is a
relationship between the concentration values of the PM's, as
determined in this research, and the reported values of Cu,
Ni, Cr, and Ag for these rocks. The metal values for each of
the rocks are listed below in 22m.
No. Cu Ni Cr A Pt Pd Au
37. 58 86 120 2.6 .027 .021 .093
42. 81 200 777 7.6 .080 .590 .270
43. 102 90 100 - .118 .024 .025
From the tabulation it is apparent that the highest
Pd and Au values occur along with the highest Ni, Cr, and Ag
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values. As mentioned above, the altered specimen of Nipissing
diabase is probably higher in sulphides as a result of hydro-
thermal action and this would account for the association here
of Pd and Au with Ni and Ag. Pd would be expected to enrich
over Pt because it has a greater tendency to form covalent
bonds. Pt might be expected to enrich along with Cr (eg. chre-
mite) but this relationship is not verified. Rather, Pt seems
to enrich along with Cu. To bring out the complex relationships
which the PM's seem to have with non-precious metal trace
elements, a compilation of their ratio values is given in
Table 11-7.
Table 11-7. Metal ratio values for some Ontario diabases.
No. 37
Post- No. 42 No. 43
Nipissin Nipissin Nipigon
(olivine)- _(altered) -(,olivine)
Ag/Au 28 28 --
Ag/Pd 124 129 --
Ag/Pt 96 95 --
Ni/Au 930 740 3600
Ni/Pd 4100 340 3600
Ni/Pt 3200 2500 760
Cr/Au 1300 2900 4000
Cr/Pd 5700 3400 4200
Cr/Pt 4500 970 850
Cu/Au 620 300 4100
Cu/Pd 2700 137 4300
Cu/Pt 2200 1010 870
As shown the metal ratio values are quite variable
for the three rocks. The most striking ratios are Ag/Au,
Ag/Pd, and Ag/Pt since each ratio value is alike for each of
43.
the rocks, No. 37 and No. 42. The value of 28 as determined
for Ag/Au checks very closely with the average value of 20
which was used by Goldschmidt in determining the abundance of
Au in igneous rocks on the basis of their Ag content (50,
p. 197).
The relationships of the PM's with the other elements
are quite apparent from Table 11-7 and need not be discussed
in detail. In passing it may be mentioned, however, that with
the possible exception of PM's/Ag and Cr/Pd the ratio values
could not be used as indexes for estimating the amount of Pt
and Pd or Au present, at least when mineralized (?) rocks are
present. The similar Ni/Pd ratios for specimens 37 and 43
(Ni/Pd = v3850) is suggestive that there may be a direct rela-
tionship between these two elements at least in those Ontario
diabases which are not altered.
Summary
From the above discussion it may be concluded that
the PM values in diabases are highly variable and that this
variation in part may be due to contained sulphide which would
effect the relative degree of enrichment of the three elements.
The specimens high in olivine show a Pt/Pd value greater than
unity and this may be a result of Pt tending to enrich in olivine
relative to Pd. Excluding the results for one of the 6 samples,
the diabases resemble the oceanic basalts in PM contents as well
as in having a Pt/Pd value greater than unity. Since most dia-
bases are believed to be counterparts of the low-olivine type
44-
of magma from which most of the plateau basalts are derived,
the high Pt/Pd values may indicate that the diabases are more
differentiated than the basalts. Contamination from the
assimilation of host rock may also be an important consideration
here.
In the Ontario diabases, three of which contained
known amounts of trace elements, peak Pd and Au values are
found in the altered Nipissing specimen and here they are
associated with extreme Ni, Ag, and Cr values. Furthermore,
from an inspection of the ratio values for these elements with
the PM's it seems that Pt, Pd, Au, and Ag are coherent in at
least two specimens. A ratio of Ag/Au was determined to be 28
and this checked with the value used by Goldschmidt. There
may be a fixed relationship between Pd and Ni in the unaltered
diabases from Ontario since Pd/Ni was shown to be approximately
3850 in two of the unaltered rocks.
It may be mentioned here that it was originally planned
to average the mean values for the diabases with the mean values
for the basalts in order to obtain a closer approximation to
the average abundances of the PM's in crustal basalts. However,
because of the highly variable habit of the PM's in the diabases,
together with the paucity of samples, this was not done; see
" Igneous Rocks" below.
45.
Gabbros
The results from the investigation of a selection of
8 gabbros with a world-wide distribution are presented in Table
II-8. Four of the specimens are representative of the Bushveld
gabbro which together with the norite facies comprise the bulk
of the intrusive (52). The remaining specimens are samples
from three different gabbroic intrusives in North America and
the other is representative of a basic igneous facies often
associated with the platinum-bearing dunites of the Urals.
Table 11-8. Pt, Pd, and Au content (ppb)
and PM ratios for some gabbros.
Pt Pd Au Pt/Pd Pt/Au Pt+Pd
9. Bushveld (Upper zone) 16 11 87 1.5 0.19 0.32
11. Bushveld (Main zone) 13 10 27 1.3 0.48 0.85
33. Bushveld (Main zone) 14 10 143 1.4 0.10 0.17
64. Bushveld (Chill phase) 42 91 91 0.46 0.46 1.50
Mean (Bushveld) 21 31 87 0.68 0.24 0.60
57. Purcell gabbro 15 7.6 74 1.9 0.20 0.31
65. Duluth gabbro 32 45 165 0.71 0.20 0.47
75. Mt. Royal essexite 23 16 155 1.4 0.15 0.25
122. Urals tylaite 4 12 12 0.32 0.34 1.3
Mean (others) 19 20 101 0.95 0.19 0.39
In the Bushveld gabbros, the concentration ranges
for Pt, Pd, and Au are 13-42, 10-91, and 27-143 ppb, respectively;
and in the same order average 21, 31, and 87 ppb. These average,
values are very similar to the averages obtained for the remain-
ing four gabbros (Pt a 19, Pd a 20, and Au = 101 ppb). Further-
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more, the average PM's for the Bushveld gabbros are similar to
the averages of their noritic counterparts except that in the
gabbros, Pd on the average exceeds Pt whereas in the norites
Pt is richer (Table II-9).
Within the Bushveld group it is apparent that the
specimens from the Upper and Main zones show almost identical
Pt (~ 13 ppb) and Pd (~,,10 ppb) but vary erratically in Au
content (27-143 ppb). The chill phase variety of gabbro,
however, is unique in that it is richest in Pt (42 ppb) and
Pd (91 ppb) and in this respect is somewhat similar to the
Duluth gabbro which contains 32 ppb Pt and 45 ppb Pd. The
Au content of the Bushveld rock, however, is much lower than
that for the Duluth specimen (91 vs 165 ppb).
According to Professor J. Willemse (private commun-
ication) the chill-phase gabbro might be representative of the
original relatively undifferentiated magma* although he implies
that it probably has been contaminated somewhat with sedimentary
material (Magaliesburg ?). If specimen No. 64 then be regarded
as being fairly representative of the magma since it must
have crystallized and cooled quite rapidly, it can be said that
the melt had a relatively high content of Pt and Pd, and that
Pd exceeded Pt by a factor of 2 (Pt/Pd a 0.46). On the other
hand the Au content was not markedly high (91 ppb). Because
of the contamination which may have reduced the original content
of PM's in the primary melt, the values given in Table II-8
* Professor Willemse (University of Pretoria) also indicated that
a sample of Bushveld diabase, which was not collected, would
have more closely approximated the original magma.
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for specimen No. 64 are probably lower than those which a
Bushveld diabase would have shown.
It is noteworthy that of the Bushveld gabbros the
chill-phase rock is the only one having a Pt/Pd value less
than unity (0.46) and correspondingly it is the only rock
having a Pt+Pd/Au value greater than unity (1.5). From this
it is reasonable to infer that the original Bushveld magma was
relatively high in Pt and Pd and low in Au, and that with
differentiation, as evidenced by the gabbro samples from the
Upper and Main zones as well as by the norites in Table 11-9,
it was depleted in Pt and especially Pd to leave a residual
basic melt enriched in Pt relative to Pd. This is a suggestive
trend but on the basis of only one sample fromi the Chill zone
it cannot be accepted without some caution; see also p. 151, etc.)
The remaining gabbros with the exception of tylaite
(see below) have Pt, Pd, and Au contents of the same order of
magnitude as the Bushveld gabbros. The specimen of Purcell
gabbro, which was collected near the top of a sill at Moyie,
B.C., has slightly lower PM values than the much larger
gabbroic Duluth intrusive. The values for the Purcell sill
may not be indicative of the original content of PM's in its
parent magma since Daly (30) indicated that many of the Moyie
sills show a more acidic top as a result of fractionation
in situ. Furthermore, there may have been some contamination
from the assimilation of quartzites and argillites (Aldridge-
Creston)* into which the Purcell magma was injected.
* See Swanson and Gunning (106).
4,8*
The specimen of Duluth gabbro not only has a PM
content similar to that of the chill-phase gabbro from the
Bushveld lopolith but it also has a corresponding Pt/Pd value
less than unity (0.71). On the basis of the change in Pt
relative to Pd noted above in the Bushveld gabbros, this lower
than unity value seems to indicate that the Duluth specimen
is a sample from a relatively undifferentiated type of gabbro.
The results for the tylaite specimen are rather low
and consequently might be questionable. Tylaite (tilaite) is
a transition rock between a gabbro and a peridotite and is
often an intrusive member of the rock complex associated with
the platiniferous dunite deposits of the Ural mountains (90,
pp. 24, 25). It is an outer facies of the pipe and conse-
quently might not be expected to contain very high PM values;
see also "Peridotites" below.
The essexite (alkali gabbro) from Mount Royal,
Montreal, has a content of Pt, Pd, and Au equal to 23, 16,
and 155 ppb, respectively, and in this way does not greatly
differ from the Duluth gabbro (Pt = 32, Pd a 45, Au z 165).
However, whereas the Duluth rock has a Pt/Pd value of 0.71,
here the value is 1.4. This greater than unity value may indi-
cate that the essexite has undergone some differentiation or
that this relatively high ratio value is unique to an alkali
gabbro. Since the specimen was visibly rich in oxides (e.g.
magnetite) and less so in sulphide, it may be that most of
the values are contained in these two mineral components.
Including the results for No. 122, the average abun-
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dances for the gabbro exclusive of the Bushveld rocks are
Pt 19, Pd a 20, and Au = 101 ppb which are very similar to
the mean values for the Bushveld gabbro (Pt a 21, Pd a 31,
Au 8 $7 ppb). The mean PM ratio values for the two groups
also are comparable. However, the higher Pt+Pd/Au value for
the Bushveld gabbros (0.60 vs 0.39) indicates that the Bushveld
rocks are somewhat more enriched in Pt and Pd relative to Au
than are the other gabbros.
Summary
Within the Bushveld group, the chill-phase gabbro is
unique in that it is richest in Pt and Pd and in addition shows
a Pt/Pd value less than unity. Consequently, it may be con-
cluded that after some differentiation the low Pt/Pd value rises
to leave a high Pt to Pd ratio in the residual gabbros (and
norites). This trend may also indicate that other gabbros
showing a low Pt/Pd value ( K 1), as for example the Duluth,
have not been as strongly differentiated as those gabbro types
having a high Pt/Pd value ( > 1).
However, whether or not this trend for the Bushveld
gabbros is applicable to other gabbros is difficult to say
because the primary Pt/Pd ratio of the basic parent magma from
which the gabbros were derived may be higher or lower than
unity; see "Basalts" above. Furthermore, the effects of con-
tamination may impair this trend picture.
It may also be concluded that the Bushveld gabbros
on the average are more or less similar to the other group of
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gabbros studied. The most noticeable difference between the
two is the relative degree of enrichment of Pt and Pd to Au
since the Bushveld rocks are somewhat more enriched in pla-
tinoids and the other rocks are more enriched in Au.
Norites
The PM values for 10 norite samples were determined
and the results are given in Table 11-9. Eight of the speci-
mens were collected throughout the various stratigraphic zones
of the norite-gabbro facies of the Bushveld complex, and the
remaining two rocks, one of which is more acidic than the
other (i.e., transition rock), were sampled from the Sudbury
norite intrusive near the Levack orebody.
Table 11-9. Pt, Pd, and Au content (ppb) and
PM ratios for Bushveld and Sudbury
norites.
Pt+Pd
Bushveld Norites Pt Pd Au Pt/Pd Pt/Au Au
20. Mooihoek (Critical zone) 117 44 128 2.6 0.91 1.7
21. Mooihoek (Critical zone) 66 9 84 7.7 0.78 0.9
22. Maandagshoek (Main zone) 1 13 105 1.4 0.11 0.3
25. Driekop store (migmatic) 6 3 5 1.9 1.2 1.8
26. Groothoek (Basal zone)* 36 29 100 1.2 0.36 0.7
29. Kafferskraal (Critical zone) 9 4 6 2.7 1.7 2.2
32. Spruitfontein (Critical zone)1l 4 3.3 2.9 3.5
Mean (Bushveld) 38 15 62 2.5 0.61 0.86
Sudbury Norites
38. Levack Norite 11 9 68 1.3 0.15 0.28
39. Levack Transition 10 3 15 3.6 0.67 0.87
Mean (Levack) 11.5 6 42 1.8 0.26 0.40
* See footnote on p. 281.
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The Bushveld norites on the average are much more
enriched in Pt and Pd, and slightly more enriched in Au than
the Levack rocks. An overall average for the Bushveld norites
is Pt a 38, Pd a 15, and Au - 62 ppb; and the average for the
Levack rocks is Pt a 11.5, Pd u 6, and Au - 42 ppb. Both
groups have comparable mean Pt/Pd values (1.8-2.5) but as shown,
differ by a factor of two in each of their mean Pt/Au and
Pt-Pd/Au values.
Within the Bushveld norites, the PM values are highly
variable, with Pt, Pd, and Au ranging from 6-117, 3-44, and
4-128 ppb, respectively. The values for Pd generally follow
those for Pt whereas Au is irregular in enrichment trend.
Pt/Pd is always greater than unity throughout the group
(1.4-7.7) whereas the platinoid to Au ratio may be either
greater or less than unity.
The highest PM values (Pt a 117-66, Pd = 44-9,
Au a 84-128 ppb) occur in the rocks from the strongly differ-
entiated Critical zone and, surprisingly enough, so do the lowest
values (Pt = - 10, Pd *- 4, Au = ~5 ppb). It is suggestive
that since the highest values occur in norites from the Lyden-
burg district (No. 20, 21) where the Merensky ores are poor
in PM's (113), and that since the lowest values occur in norites
from the Rustenburg district (No. 29, 32) where the Merensky
ores are rich in PM's (113), there may be a relationship between
the PM content of the norites and that of the related Merensky
Reef. If the PM's in the Merensky were derived principally
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from the Critical zone section of the lopolith, then the
noritic residuum might be expected to show a degree of deple-
tion in PMts proportional (?) to the degree of enrichment in
the Merensky Reef.
Whether or not the apparent correlation noted above
is real is impossible to say since only a few samples were
analysed from the two districts. Furthermore the locationing
of the samples with respect to the Merensky Reef would be
very important here. A complete sampling of rocks from the
Critical zone in each of the two districts would have to be
investigated for conclusive results and therefore the results
of this research are only suggestive at best.
It should be noted also that the Rustenburg specimens
were not analysed in duplicate (Table 11-9) and consequently
their values are less certain than the Lydenburg assays. In
any case, the results from the Rustenburg specimens are notably
low and without further information their values should be used
with caution. All that might be stated with any degree of
certainty is that Pt exceeds Pd (Pt/Pd * -- 3) in the Rustenburg
norites and in this way only are they similar to the norites of
the Lydenburg district.
In the Lydenburg norites, as noted above, the highest
PM values are found in the rocks from the Critical zone
(Pt a 117-66, Pd * 44-9, Au a 84-128 ppb). Substantial values
also occur in the norite from the Basal zone of the lopolith
(Pt - 36, Pd = 29, Au = 100 ppb) and these in turn are somewhat
higher in Pt and Pd content than the Main zone norite (Pt = 18,
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Pd = 13, Au a 105 ppb). Specimen 25 is a hybrid or migmatic
norite (52, p. 311) and its low PM content is a result of
assimilation and dilution with sedimentary host rock (Magalies-
burg) into which the basic Bushveld magma was emplaced.
Neglecting the results of No. 29 and 32 (Rustenburg)
it is noteworthy that the contents of Pt and Pd tend to in-
crease fairly regularly with one another and that this increase
takes place more or less in the stratigraphic order of Main,
Basal, and Critical zone. Thus, there is a tendency for Pt
and Pd to be enriched towards the lower section of the lopolith.
In a similar manner Pt/Pd increases stratigraphically down-
wards until the Critical zone is reached and here the ratio
reaches a maximum of 7.7. This trend suggests that Pt enriches
with respect to Pd in the norite rocks down the "section" and
especially within the Critical zone. According to Hall (52,
p. 275), the Critical zone of the Bushveld Complex has under-
gone extreme differentiation and consequently the high Pt/Pd
values as well as the increase in Pt and Pd are not surprising.
Here the norite has been strongly enriched in Pt relative to
Pd. A more detailed account of the differentiation trends of
the PM's in various Bushveld fractions is given in the section
devoted solely to a discussion of the Bushveld rocks (p.151,
etc.); see also the discussion on "Gabbros" below.
Since only two specimens of Sudbury "norite" were in-
vestigated it is perhaps misleading to compare in detail the
contents of these rocks with that of the norites from the Bushveld
lopolith. However, it may be said, and this was mentioned above,
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that the rocks from the Levack district are apparently much
lower in PM's than the average Bushveld norite. Also it is
noteworthy that the Pt/Pd values for the Sudbury rocks are
similar to those for the Bushveld group in that all specimens
have a ratio value exceeding unity.
The Levack transition rock (No. 39) is somewhat lower
in Pd and Au than the underlying norite (No. 38), but surprising-
ly enough both contain the same amount of Pt. This is difficult
to comprehend since the transition rock might be expected to
have a lower Pt content whether it were derived by differentia-
tion or by "granitization". The writer is inclined to believe
that the PM values determined for the transition rock are
dubious.
Summary
From the above discussion it may be concluded that
the Bushveld norites contain variable amounts of PM's but all
show Pt/Pd values greater than unity. This ratio seems to in-
crease with the degree of differentiation since the norites
from the Critical zone show the highest ratios. There may be
a relationship between the PM content in the norite of the
Critical zone and that in the Merensky Reef. If this could be
proved then it would indicate that the values in the Merensky
Reef were derived largely from the Critical zone section of the
lopolith. The noritic rocks from the Levack district are poorer
in PM's, but show Pt/Pd values similar to, the Transvaal norites.
In view of their low PM contents, the Levack specimens may
represent a residual melt well depleted of PM's.
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Diallage Pematite (Merensky Reef)
For a detailed report on the geology of the Merensky
Reef of the Bushveld complex the reader is referred to Wagner
(113), Hall (52), and Schmidt (96).
The Merensky unit is a thin (average thickness is 3
to 30 ft) and persistent (over 300 mi on strike) sheet-like
deposit of platiniferous, sulfide-bearing diallage pegmatite
(or "pseudo-porphyritic pyroxenitic diallage-norite") lying
within the strongly differentiated Critical Zone of the Bush-
veld norite. It dips at a shallow angle and is overlain and
underlain by norite and anorthosite. In some places the Reef
is a composite of diallage pegmatite, pyroxenite, and chromi-
tite.
The minerals of the diallage pegmatite are ortho-
pyroxene, feldspar and diallage with the minor amounts of bio-
tite, chromite, quartz, and sulphides. According to Schmidt
the sulphide phase, which comprises 1-3% of the rock in the
Rustenburg mine, was one of the latest crystallates and it
occurs as small interstitial grains moulded in the feldspar.
Sulphides also are found included in feldspar and diallage as
well as along fracture and cleavage planes that penetrate
pyroxene, feldspar, and biotite.
The sulphides are magmatic and consist largely of
pyrrhotite, pentlandite, and chalcopyrite as well as cubanite
and nickeliferous pyrite. Platinum values are everywhere close-
ly associated either with the sulphides or with secondary
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malachite and limonite. In the oxidized zones, the footwall
anorthosite facies may contain values derived by supergene
enrichment. According to Schneiderhohn and Moritz (97) the
bulk of the platinum metals is held in solid solution within
the earlier Ni-rich base metal sulphides (see below).
Schneiderhohn and Moritz (98) have also shown that no inde-
pendent platinoid minerals occur in the fresh host rock, whereas
in the oxidized zone they found sperrylite, cooperite and stibio-
palladinite, as well as some native metals of Pt, Pd, and Os.
Gold is a minor constituent in the ores as are Ir and Ru.
The content of Pt metals in the Merensky ore varies
from district to district, but in general averages from 2 to
12 dwt.* In addition, Pt/Pd values vary along the Reef from
6 to 0.6 (113). The Au content of the ore also is variable,
but in general it follows the platinoid values. This relation-
ship is apparent from the "Table of Analyses of Ore of the
Merensky Horizon" given by Wagner (113; pp. 118, 119). Of the
10 analyses presented by Wagner, only three samples from the
Rustenburg district gave detectable amounts of Au, and these
together average 0.28 dwts (or 163 ppb).
The highest platinoid values in the Merensky unit
are found in the Rustenburg district where present-day under-
ground mining is yielding most of the Pt and Pd that are now
being recovered from South Africa (82, p. 1032). In the
Rustenburg district the Reef is composite in character. The
* 1 dwt/short ton a 1.71 ppm.
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main platinoid carriers are a 12-13-in. layer of coarse feld-
spathic pyroxenite and a 1/2-3 1/2-in. chromitite seam (96).
Highest values are associated with the chromitite although as
Schneiderhohn and Moritz (97) have shown, Pt and Pd are pre-
dominant in the disseminated sulphides that are present in the
chromitite (see below).
As reviewed and summarized by O'Neill and Gunning
(90, p. 38), the concentration of sulphide in the Merensky
unit was apparently a result of immiscible separation operat-
ing in hand with extreme differentiation. Gaseous transport
may also have been important in localization. However this
may be, the PM's were concentrated in the sulphide minerals
when they were either held in solid solution or retained as
discrete platinoid minerals intergrown with the base metal
sulphides. This latter view has been suggested from the work
of Hawley, Lewis and Wark on some Canadian sulphides (57).
Two samples of diallage pegmatite (Merensky Reef)
from Forest Hill in the Lydenburg district, were analysed
for PM's. One sample(No. 24) was a composite selected across
a 3-ft section of the Reef and the other was a single grab
sample (No. 27) taken presumably from the center of the Reef*
but from a position some distance SW of the composite sample.
The analytical results are presented in Table II-10.
* This sample may not have been collected from the Merensky
Reef proper but may have been taken from a Merensky-like
band above or below the Merensky.
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Table II-10. Pt, Pd, and Au content (ppb) and PM ratios
for diallage pegmatite (Merensky Reef).
Pt Pd Rh Au Pt/Pd Pt/Au PAt+Pd
24. Pegmatite (composite) 2350 880 570 209 2.7 11.2 15,7
27. Pegmatite (grab) 280 70 1TD 168 4.0 1.7 2.1
Mean 1315 475 285 189 2.8 7.0 9.5
Note: Value for Rh is the mean of a duplicate assay and is un-
corrected for fire-assay losses (Table 111-12).
From the tabulation it appears that Pt, Pd, and Rh
can vary widely in the Merensky unit. The four metals follow
one another, but as Pt increases, the Pd. and especially the
Rh, are more strongly enriched than the Au. As calculated, the
mean values for Pt, Pd, Rh, and Au in the Merensky rock are
ppb
1315, 475, 285, and 189, respectively.
For comparison, the mean PM values from this investi-
gation may be checked with the mean values obtained by averag-
ing the results for the three Merensky ore samples which con-
tained detectable amounts of Au (see above). In the tabulation
below the mean Pt, Pd, and Rh contents as shown in Table II-10
are combined together, since the platinoid values from Wagner
(113, pp. 118, 119) are given as total Pt-metal content.
Pt-Metals (ppm) Au (ppm)
Wagner (Rustenburg) 11.9 0.19
J.C.H. (Lydenburg) 2.2 0.16
The values published by Wagner for the Rustenburg ores
give a mean PM assay five times higher than that which was ob-
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tained by the writer fcr the Lydenburg protores. This differ-
ence in platinoid content certainly indicates richer ore in
that part of the Merensky Reef within the Rustenburg district
to which present-day mining is confined (82, p. 1032).
It is noteworthy that the Pt/Pd value of 2.8 (Table
II-10) for these sulphide-bearing rocks from Forest Hill is
much lower than that for the chromitiferous dunites (Pt/Pd up
to 237) which comprise the nearby Pt-rich pipe deposits at
Onverwacht and Mooihoek (see Table 11-15). The lower ratio
value for the Merensky Reef unit seems to indicate a greater
tendency on the part of Pd to enrich relative to Pt in the
sulphidic rocks as opposed to the chromitiferous rocks. This
tendency has also been noted in PART I of' the thesis.
Schneiderhohn and Moritz (97) investigated the dis-
tribution of PM's in the individual minerals which comprise the
Merensky Reef on the farms Klipfontein-538 and Krondal-177 in
the Rustenburg distrct and their results are given below in
Table II-11.
Table II-11. Pt, Pd, Rh, and Au content (ppm) in the minerals
of the "sulphide-bearing feldspar pyroxenite"
(Merensky Horizon) from Klipfontein-Krondal,
Rustenburg district (97).
Sulphide Phase Pt Pd Rh Au
Ni-pyrite 10-50 5-10 1 5-10
pyrrhotite TO-50 5-Ia 1 1-5
pentlandite ~3-10 .5-1 1
chalcopyrite
Silicate Phase
olivine 1 0.5 K
bronzite 1-5 0.5-1 (
diallage T- 5
plagioclase
Note: ( indicates (0.1 ppm Pt or (0.5 Pd or (0.1 Rh or (0.5 Au.
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The distribution of values shown in Table II-11, in all proba-
bility, would be very similar to that for the Forest Hill rocks
as investigated in this research. Thus, the bulk of PM's are
held apparently in the sulphide phase and, as noted by Schneider-
hohn, are largely confined to the early Ni-bearing pyrite and
pyrrhotite where they are held in solid solution. It is notable
that Pd may be equally as enriched in the sulphides as Pt.
The deficiency of PM's in the chalcopyrite is be-
lieved to be partly a result of its later crystallization, since
most of the PM's were collected in the earlier sulphides and
partly a result of the adverse crystal structure of chalco-
pyrite (zincblende) as compared, for example, with that of
pyrrhotite (NiAs). This consideration of non-favorability of
structure on the part of chalcopyrite to accept Pt and Pd has
been reviewed recently by Ahrens (7). It should be mentioned,
however, that Hawley and Rimsaite (58) reported variable amounts
of Pd up to 1.82 ppm, Pt up to 0.410 ppm, and Rh up to 0.08 ppm
in chalcopyrite from non-nickeliferous deposits (Paleozoic and
Precambrian) in Newfoundland, Quebec, Ontario, and Manitoba.
Here, however, the platinoids may be present as discrete sul-
phide minerals (57).
From Table II-11 it is apparent that only minor
amounts of Pt and Pd are held in the silicate phase as compared
with the sulphide phase. Even though the reported values for
the silicate are undoubtedly too high, some indication of the
trends of the PM's in the silicates may be noted.*
* The rather high values reported in the silicates may be a result
of platinoid-bearing chromite contained therein since chromite is
often present in Merensky ore from the Rustenburg district.
Gold apparent.y was lost completely to the sulphide
phase. The earliest crystals to form, olivine and especially
plagioclase, seem to be impoverished in Pt and Pd in comparison
with the later pyroxene crystallates. Platinum appears to be
enriched relative to palladium in the silicates as a whole.
Thus it may be concluded that the bulk of the PM's are contained
in the sulphide phase of the diallage pegmatite. It may also
be concluded that Pt, Pd, Rh, and Au follow one another in en-
richment trends which might be anticipated since all four elements
show moderate covalent tendencies; see "Chondrites" (below).
Information is available on the ratios of platinum
metals in various sulphide ores and it may be well to list the
reported ratios (ppm) for Pt:Pd:Rh and compare them with that
obtained from this research. This has been done in the tabula-
tion below.
Pt: Pd: Rh Reference
Magmatic (composite 2 4 0.3 (87)
Sudbury (pyrrhotites) 2 4 1.3 (58)
Rankin Inlet (pyrrhotite-
pentlandite) 2 4.16 0.4 (58)
Insitzwa (pyrrhotite,
chalcopyrite) 10 2 0.3 (58)
Merensky Reef (pyrite,
pyrrhotite) 10 10 1 (Table II-11)
Merensky Reef (pentiandite) 7 5 0.7 (Table II-11)
Merensky Reef (J.C.H.) 1.31 0.46 0.29 (Table II-10)
The ratio value as obtained by the writer for Merensky
ore seems to check only the proportion reported for the Insitzwa
ore. The differing ratio values for the other sulphides are not
surprising, however, since the platinoids apparently are variably
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enriched in the different sulphide minerals and consequently
varying proportions of say pyrrhotite, chalcopyrite, and pyrite
in an ore would effect the platinoid ratio.
Summary
The results of this investigation indicate that the
PM's are variable in distribution in the Merensky Reef and are
in agreement with the analyses given by Wagner (113, pp. 118,
119) since some of his assays gave nil values for Au as well as
for the platinoids, When sulphides are present there is a
tendency for Pd to be more enriched relative to Pt than when
chromite predominates.
The results obtained from this research check rather
than supplement the earlier works and thus do not add anything
new to the origin of the Merensky Reef deposit. After a com-
prehensive investigation of the petrography of the Merensky
Reef components, Schmidt (96) concluded that the unit was de-
rived by gravitational crystallization. If this be its origin
rather than say a hydrothermal one, then the development of
sulphides in this unique horizon must also be related to
differentiation since the sulphides are intimate with the sili-
cate minerals. Furthermore, hydrothermal gangue minerals are
lacking in the Reef. Most South African geologists believe
that the sulphidic phase was developed as a consequence of
immiscible separation which took place somewhat later than the
crystallization of the associated silicates. Geochemically,
Pt and Pd (and Rh) and Au were collected during the formation
63.
of the sulphides and held therein either as native metals
(e.g. Au), as discrete platinoid minerals (e.g. PtAs2 ) or
as proxy elements held in solid solution (e.g. pyrrhotite).
Some of the PMts were collected by chromite and less so by
silicates (e.g. pyroxenes). The pegmatitic texture of the
gangue, the diallage norite, plus the presence of biotite
etc., indicates that mineralizers were present and these may
have been important locally for carrying the sulphides or the
PM's (?). The great extent of the Merensky Reef suggests
that it was not formed by the injection of an individual magma
which later fractionated to give the components seen today.
Rather, it should be considered as a stratigraphic focal sur-
face of differentiation into which much of the sulphides from
the Critical zone (?) together with platinoids were concentrated.
Pyroxenites
The results of the analysis of 9 pyroxenite specimens
are compiled in Table 11-12. Two of the samples are from North
America, and the remainder are from South Africa.
The South African specimens are from the pyroxenite
layers which are confined to the basal section of the Bushveld
norite where they are believed to have accumulated largely
as a result of crystal settling. Most of the specimens analysed
contain, besides pyroxene (e.g. bronzite) and feldspar, variable
amounts of oxide (e.g. chromite). Sulphide may also be present.
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Table 11-12. Pt, Pd, and Au content (ppb)
and PM ratios for pyroxenites.
Pt Pd Au Pt/Pd Pt/Au Pt+Pd
2. Onverwacht (Critical) 107 150 43 0.71 2.5 6
18. Onverwacht (Critical) 16 36 85 0.44 0.19 0.61
4. Jagdlust (Transition) 20 9 40 2.4 0.51 0.73
14. Steelpoort Bridge (chromite-
rich) (Basal) 104 76 70 1.4 1.5 2.6
15. Hendriksplaats (Basal) 17 14 50 1.3 0.35 0.62
28. Rustenburg (Basal ?) 13 27 28 0.49 0.48 1.4
34. Kroondal (Basal ?) 56 99 124 0.56 0.45 1.3
Mean (Bushveld) 48 59 63 0.82 0.76 1.70
73. Iron Mtn. (Colorado) 11 3 17 3.9 0.72 0.88
74. Webster Co. (N. Carolina) 7 3 37 2.2 0.19 0.27
Mean (U.S.A.) 9 3 27 3.0 0.30 0.45
Petrogenically, the two specimens of pyroxenite from
the U.S.A. (No. 73, 74) differ somewhat from their layered
Bushveld counterparts in that they are apparently taken from
relatively small dike-like bodies, now metamorphosed and ser-
pentinized, which are found often in association with alpine
peridotites. Such pyroxenites are believed to have been either
intruded as enstatite magmas or derived from dunites by hydro-
thermal transformation (108, pp. 245, 247).
As a group, the pyroxenites exhibit a wider range of
concentration values for Pd (3-150 ppb) than they do for
Pt (7-107 ppb) and Au (17-124 ppb). On the average, these
ultramafics are equally as rich in Pt as in Pd (-'30 ppb) but
are relatively enriched in Au (40 ppb); not shown in Table 11-12.
Geographically, the pyroxenites may be subdivided into
a Bushveld group and a U.S.A. group, and when their respective
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mean values are compared (Table 11-12) it is apparent that the
seven Bushveld specimens are much richer in PM's and in addition
exhibit a higher content of Pd relative to Pd (Pt/Pd = 0.82)
than do the two specimens from the U.S.A. (Pt/Pd a 3.0).
Furthermore, the South African rocks are enriched in the platin-
oids relative to Au (Pt+Pd/Au = 1.70) whereas the U.S.A. rocks
are more enriched in the Au (Pt+Pd/Au a 0.45).
The Bushveld specimens contain variable amounts of
PM's ranging from 13-107 ppb Pt, 9-150 ppb Pd, and from 28-150
ppb Au. Average-wise, the rocks are slightly more enriched in
Pd (59 ppb) and Au (63 ppb) than in Pt (48 ppb). In general,
Pt and Pd trend together whereas Au is somewhat erratic in
behavior.
The PM's fluctuate widely, even for rocks from the
same general section of the lopolith. In the specimens from
the Critical zone, the ranges for Pt, Pd, and Au are 16-107,
36-150, and 43-85 ppbrespectively. Platinum and palladium
follow one another; gold does not since the higher Au value
of 85 ppb corresponds with the lower Pt and Pd values. Of all
the pyroxenites analysed, specimen 2 from the Critical zone
gave the richest assay for Pt (107 ppb) and Pd (150 ppb), and
it is noteworthy that the rock had visible amounts of chromite
present. As was indicated in the discussion on the geochemical
behavior of Pt and Pd in PART I, chromite is a favorable host
mineral for collecting PM's and in particular Pt, and the
variable amounts of Pt and Pd in the pyroxenites, may well de-
pend on their chromite content. This has been noted for other
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Bushveld specimens, see for example "Anorthosites" below.
Furthermore, varying amounts of sulphide, which are probably
present in specimens 2 and 18 (52, p. 314) would also be ex-
pected to effect the relative degree of enrichment of the PM's.
This may be one reason for the two rocks to show a Pt/Pd value
less than unity since Pd is often enriched with respect to Pt
in sulphides (e.g. 58), whereas the reverse is true in chromites
(see above). If sulphides were absent in the two specimens,
and this is highly improbable, then the enrichment of Pd over
Pt here might be accounted for by a greater tendency on the
part of Pd to be accepted in the pyroxene structures. This
cannot be proved.
It is interesting to note that specimen 2 was collected
directly above the main chromite band on Onverwacht Hill whereas
No. 18 was taken immediately below the same oxide band. From
the stratigraphic relationship of the two pyroxenite bands it
may be that the higher content of Pt and Pd in the upper pyrox-
enite was a consequence of enrichment by descending crystals of
platinoid-bearing chromite which were retained in the bronzitite
as it cooled. By a similar process, the lower pyroxenite band
was possibly depleted of Pt and Pd by a gravitational removal
of platinoid-bearing chromite grains which sank to the next
chrome band stratigraphically below. If this be the process
involved, as it seems to be, then local phases of differentia-
tion were operating at the same time the parent magma of the
lopolith was broadly fractionating into the major zones that now
stratigraphically section the lopolith. The possibility of
67.
specimen 2 containing more sulphide than No. 18, of course,
would also be an additional consideration here.
Specimen 4 from the Transition zone is relatively
low in PM's (Pt a 20, Pd a 9, Au a 40 ppb) although whether
or not this is typical of the pyroxenites from this inter-
mediary section which separates the Critical from the Basal zone
is impossible to say. However, if its values are representative
of Transition rock, then it is apparent that only small amounts
of platinoids are retained by the pyroxenites crystallizing in
this section of the lopolith. This in turn may be a result of
the inherent PM content of the melt that was locally (?)
fractionating in this zone or, and this seems the more logical
answer, it is a result of a low chrome content in the rock.
It could be that much of the chromite settled out into the
underlying Basal zone to leave this section of the lopolith low
in chromite and thus poor in PM's.
The range of values for the pyroxenites from the
Basal zone do not differ markedly from those in the Critical
zone: Pt is the same, Pd is slightly less, and Au is slightly
greater (Table 11-12). However, when their results are averaged
as shown below, the mean values for the Critical zone rocks
exceed those of the other groups, and in addition have the
lowest Pt/Pd value (0.68).
Pt Pd Au Pt/Pd Pt/Au Pt+Pd
Au
Critical zone 62 93 64 0.68 0.97 2.43
Transition zone 20 9 40 2.4 0.51 0.73
Basal zone 48 54 68 0.89 0.71 1.50
It follows from this that the pyroxenites crystallizing
in the Critical zone were more strongly enriched in Pt and
especially Pd than the pyroxenites which settled into the lower-
lying Transitional and Basal zones. It should be mentioned that
specimen 14 (Basal) is visibly high in chromite and hence the high
value of Pt (104 ppb) and Pd (76 ppb) might be anticipated (Table
11-12). Gold, however, was not noticeably enriched in this
specimen (70 ppb).
The areal variation in PM content for pyroxenites of
similar stratigraphic position may be examined by comparing the
averaged values for the specimens from the Rustenburg district
(No. 28, 34) with the values for the rocks from the Lydenburg
district (No. 14, 15) since the four samples represent pyrox-
enite bands in the Basal zone. This has been done to give the
results tabulated below.
Pt Pd Au Pt/Pd Pt/Au Pt+PdAu
Lydenburg 61 45 60 1.35 1.0 1.77
Rustenburg 35 63 76 0.55 0.46 1.30
It is apparent that the mean values for each of the
two widely separated rock groups are similar in magnitude but
differ from one another in the relative degree of enrichment
of each of the PM's. The rocks from the Lydenburg district are
richer in Pt than in Pd and in the Rustenburg specimens the
opposite relationship holds. In both groups, however, their
total platinoid content exceeds their gold content. This areal
variation in concentration values parallels somewhat the strati-
69.
graphic change in values which was noted above for the rock
specimens from the various zones of the lopolith.
As noted above, the pyroxenite specimens from North
America have a much lower PM content than the Bushveld samples.
It was also mentioned that they may have been derived either
from the crystallization of a pyroxenite magma or from the
hydrothermal alteration of a dunite. In any case they are
relatively poor hosts for Pt, Pd, and Au. In this respect they
are akin to the specimen of Mlontrose peridotite (No. 46 in
Table 11-14) which may be considered here as an example of the
dunites that are often associated with this type of pyroxenite,
and in particular the Webster pyroxenite (No. 74). For compari-
son, the PM contents and ratio values for the two specimens are
given below.
Pt Pd Au Pt/Pd Pt/Au PA+Pd
Webster pyroxenite 7 3 37 2.2 0.19 0.27
Montrose peridotite 13 8 28 1.4 0.34 0.75
It is noteworthy that the PM values for both rocks are com-
parable and this is interesting from the viewpoint of the
hydrothermal origin of pyroxenite. As reviewed by Turner and
Verhoogen (108, p. 247) the close association of some pyrox-
enites (enstatite type) with dunite may be explained on the
basis of the experimental work by Bowen and Tuttle (20) who
suggested that dunitic wall rock could be converted to enstatite
pyroxenite by water vapour (> 6500 C) saturated with S10 2 , and
contrarily that pyroxenite could be transformed to dunite by
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water vapour undersaturated in SiO2 . The agreement in PM con-
tent between the Webster and Montrose specimens at least does
not dispute such an origin since Pt, Pd, and Au would probably
not readily migrate if such a process had taken place.
The mean Pt, Pd, and Au concentration values and
corresponding ratio values for both the Bushveld and the U.S.A.
pyroxenites (Table 11-12) are sumnarized in Table 11-13 together
with Leutwein's values which are based on an average of four
determinations (71).
Table 11-13. Average Pt, Pd, and Au content (ppb) and
PM ratios for some pyroxenites.
Pt Pd Au Pt/Pd Pt/Au Pt+Pd
Black Forest (Leutwein) 500 90 100 5.6 5 5.9
Bushveld (J.C.H.) 48 59 63 0.82 0.76 1.7U.S.A. (J.C.H.) 9 3 27 3.0 0.30 0.45
Leutwein's results for each PM are higher than those of the
writer. His Pd and Au values, however, have similar orders of
magnitude to the values determined by the writer for the Bush-
veld rocks, whereas his Pt assay is almost 10 times higher.
The Pt value of 500 ppb noted for the Black Forest pyroxenite
is probably too high.
Summary
From the above discussion it may be concluded that
PI's are much more abundant in the Bushveld pyroxenites than in
typical specimens from North America. This may be related to
their origin since the Bushveld rocks have been derived largely
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by gravitational fractionation in situ, whereas the American
pyroxenites are believed to have been either injected as a
primary magma or transformed from dunite by the action of
water vapour saturated with S102*
The Bushveld pyroxenites contain variable amounts of
PM's and in particular, Pt and Pd. This variation occurs
areally as well as stratigraphically and may be directly re-
lated to the amount of chromite or sulphide present in the
rocks. Highest Pt and Pd assays were found in the pyroxenites
from the strongly differentiated Critical zone.
Peridotites
Of the eleven peridotite specimens investigated, two
were collected from hartzburgite sheets in the Basal zone of
the Bushveld lopolith (No. 13, 23); one was from a dunitic in-
trusive in the Appalachian alpine belt (No. 46); two were kim-
berlites, one from South Africa (No. 58) and the other from
Arkansas (No. 47); and the remainder were representative samples
from the dunites which comprise the unique platiniferous pipe
deposits of Transvaal and the Urals.
The results of the investigation are presented in
Tables 11-14 and 11-15.
Typically, the Bushveld hartzburgites consist of
olivine and rhombic pyroxene together with minor amounts of
chromite, and are well developed as bands in the lower section
of the lopolith where they are believed to have segregated
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largely by gravitative settling.
Table 11-14. Pt, Pd, and Au content (ppb) and
PM ratios for some peridotites.
Pt Pd Au Pt/Pd Pd/Au Pt4Pd
46. Montrose peridotite 13 8 28 1.4 0.34 0.75
47. Murfreesboro peridotite 11 9 39 1.3 0.28 0.51
58. Bulfontein kimberlite 29 17 92 1.7 0.32 0.50
Mean 18 11 53 1.6 0.34 0.55
13. Bushveld hartzburgite (Basal) 21 20 88 1.1 0.45 0.47
23. Bushveld harpzburgite (Basal) 12 3 46 3.8 0.25 0.33
Mean (Bushveld) 17 12 67 1.4 0.26 0.43
From the analyses in Table 11-14 it is seen that the
two harpzburgites (No. 13, 23) vary somewhat in PM content
(Pt = 12-21, Pd a 3-20, Au u 46-88 ppb), yet each has a Pt/Pd
value greater than unity (1.1 and 3.8). Average values for
Pt, Pd, and Au in the rocks are 17, 12, and 67 ppb, respectively.
The average Pt/Pd value (1.4) indicates that during the crystal-
lization of the olivine rock the Pt was slightly enriched in the
solid phase over Pd. Since the hartzburgites are chromitiferous
it is probable that most of the platinoids and the Au occur in
the chromite.
The PM contents of the Montrose and Murfreesboro
peridotites are almost identical both in magnitude and ratio
values. When compared with the values for the Bulfontein
kimberlite, they appear to be about one-half as rich. However,
the Pt/Pd value for these 3 rocks is similar (1.7 vs ~1l.4) as
are the Pd/Au (H-0.30) and Pt+Pd/Au (0.5 vs -'0.6) values. It
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is noteworthy that the mean PM values for these three rocks
(Pt * 18, Pd = 11, Au = 53 ppb) are very similar to the means
for the ushveld hartzburgites (Pt = 17, Pd = 12, Au = 67 ppb).
Consequently the ratio values for the whole peridotite group
are very close (Table 11-14).
The close similarity of PM trace content in the
peridotites discussed above suggests that each type of perido-
tite, whether it be a harzburgite, an alpine dunite, or a
kimberlite, has a comparable origin. And, as the harfzburgites
have been derived from a basic magma by fractional crystalliza-
tion within the outer lithosphere (52), it may be that the
other types which are believed, as for example by Hess (61),
to be representatives of a primary subcrustal peridote layer,
are also derived at relatively shallow depths and possibly from
a basic magma by differentiation. Along this line Turner and
Verhoogen (108, pp. 171, 172) indicate that in view of the
melting behavior of olivine (20), a liquid peridotite magma
cannot exist within the outer crust of the lithosphere and
therefore cannot be considered as a primary source for olivine-
rich fractions. Furthermore, they also note from a study of
ultrabasic xenoliths in basic magmas that the xenoliths, some
of which are peridotite, may have crystallized from a parent
basalt magma under plutonic but not very deep-seated conditions.
The results of this research lend credence to these ideas of
Turner and Verhoogen.
One also might mention that if, for example, the
Montrose, Murfreesboro, and Bulfontein specimens were suitable
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representatives of Hess' primary peridotite layer, then one
could say, on the basis of PM values, that there was some
variation in the noble metal content of this layer at least
intercontinentally. This follows from the fact that the two
rocks from North America are almost identical in PM content
(Pt - ~-12, Pd = -9, Au = --,33 ppb) whereas the rock from
South Africa is about twice as rich (Pt = 29, Pd = 17, Au =
92 ppb).
As mentioned above, five samples from the dunites
which comprise the platiniferous pipe deposits of Transvaal
and the Urals were investigated. These intrusive-like dunite
deposits are classified by Hess (61) as members of a "secon-
dary" magma in contradistinction to the supposedly primary
types of peridotites just described.
Petrologically, the dunite pipes are characterized
by their marked discordance to co-genetic host rocks which
consist of mafic fractions. In essence, the deposits consist
of a platinoid-bearing dunite core sheathed by less mafic rocks.
The origin of the pipe deposits is an open question
which has been reviewed and summarized by O'Neill and Gunnihg
(90). All that need be said here is that the general opinion
is that the pipes were formed by the reconstitution of early
dunite crystallates through hydrothermal or pneumatolytic
processes (61). The possibility of direct emplacement of a
mobile dunite fraction consisting largely of crystals lubricated
with intergranular liquid may also be a consideration (p. 86).
According to Wagner (113), the platiniferous pipes
I-- t_
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may be classified into two major types as based on the mix-
crystal ratio of forsterite (fo) to fayalite (fa):
1. Occurrences in Fe-rich dunite bodies (Bushveld type)
a. hortonolite (fo:fa = 4:1) dunite (Mooihoek,
Onverwacht)
b. h'losiderite (fo:fa = 2:1) dunite (Dreikop)
2. Occurrences in Mg-rich dunite (fo:fa = 811.:1) bodies
(Ural type).
Bushveld Type
Each of the Pt-bearing hortonolite dunite deposits
(only two of some 60 hortonolite occurrences are platiniferous)
are steeply dipping pipe-like bodies that transect the gently
dipping rock layers of the Critical zone of the Bushveld lopo-
lith. The deposits are complexes of concentrically arranged
shells, each shell being a different rock type with well-
defined but extremely irregular contacts. Pt values are
generally low in the outer olivine dunite or pyroxenite shells,
and tend to gradually increase inwards to the center of the
hortonolite dunite core where the peak assays are always located.
According to Wagner (113, p. 74), the Pt content of the hortono-
lite dunite at Mooihoek, varied up to 100 dwt with the average
tenor lying between 6 and 7 dwts. At Onverwacht the Pt content
varied markedly from nil up to 1213 dwts with the best average
value of 18.4 dwts being encountered on the 250-ft level of
the pipe over a pay area of 2270 sq ft (113, p. 69).
The hortonolite dunite, which is the major ore gangue,
consists essentially of hortonolite with subordinate amounts of
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hornblende, diallage, chromite, magnetite, ilmenite, phlogo-
pite, apatite, and sulphides; the latter consisting of pyrrho-
tite, chalcopyrite, cubanite, and pentlandite.
Native platinum alloyed with other platinoids (and
iron) is by far the chief ore mineral, It occurs as euhedral
crystals or irregular grains and is either found in or between
grains of hortonolite or on chromite to which it is "moulded".
Infrequently it is embedded in magnetite or ilmenite. As noted
by Wagner (113, p. 59), platinum began to "separate after the
chromite, but before the silicates, and its separation must
have continued after that of the silicates. It was, however,
apparently completed before the magnetite or ilmenite began
to crystallize." Sperrylite and possibly cooperite were found
only in the ore concentrates. In all probability some of the
platinoid values also occur in the base metal sulphides (see
above).
The results for the analyses of some rocks from the
dunite pipes of Onverwacht and Mooihoek are given below in
Table 11-15. For comparison, the results from a semi-quantita-
tive investigation of some Mooihoek rocks by Schneiderhohn and
Moritz (97) have been compiled in Table 11-16.
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Table 11-15. PM content (ppm) and ratios for some
Onverwacht and Mooihoek dunites.
Onverwacht Dunites Pt Pd Rh Au Pt/Pd Pt/Au Pt+Pd
16. Olivine (outer) .018 ,004 -- .06 4.4 0.30 0.37
17. Hortonolite (inner) 3.17 .013 -- .12 237 26.2 26.7
Mooihoek Dunites
31. Olivine (outer) .066 .065 -- .05 1.0 1.3 2,6
8. Hortonolite (inner) 12.3 .65 0.29 .26 19 48 50.0
106. Hortonolite (inner) .26 .023 v- .17 11.4 1.5 1.6
Note: Value f'r Rh is the mean of a duplicate atsay and is un-
corrected for fire-assay losses (Table 111-12).
The marked variation in PM content between the outer
dunite and the inner hortonolite in each of the two pipes is
what might be expected from the above discussion, the highest
assays occurring in the hortonolite rock. The irregularity in
PM content for the two hortonolite samples from Mooihoek also
indicate a spotty distribution of values within the hortoholite
part of the pipe.
Perhaps the most important feature to be noted from
the results in Table 11-15 is that in each of the two pipes the
Pt/Pd and the Pt/Au values increase markedly in passing from
the outer olivine dunite to the inner hortonolite dunite. In
the Onverwacht deposit, the Pt/Pd value rises from 4.4 to 237
and in the Mooihoek it jumps from one to about 15. Similarly,
the Pt/Au values increase just as spectacularly.
Rhodium was determined only in specimen 8 from the
hortonolite dunite of Mooihoek, indicating that it is enriched
along with the other PM's and attains a concentration greater
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than the determination limit in the inner section of the pipe.
Rhodium was also evaluated in a sample of Merensky Reef ore
(No. 24, Table II-10), and this value (ppm) is listed below
with the Rh value obtained for the Mooihoek ore. The ratio
values noted for each sample are based on their respective Pt
and Pd contents (Tables II-10, II-15).
Rh Pt/Rh Pd/Rh Au/Rh
8. Mooihoek hortonolite 0.29 42.5 2.2 0.9
24. Merensky Reef 0.57 4.1 1.5 0.4
From the tabulation it is apparent that Rh is some-
what more enriched in the sulphidic Merensky ore than it is
in the chromitiferous dunite ore. The closer ratio values for
the pair Pd:Rh (1.5, 2.2) as compared with those for Pt:Rh
(42.5, 4.1) seem to indicate that Rh follows Pd more readily
in the ores than it does Pt; see also "Chondrites".
Table 11-16. Pt, Pd, Rh, and Au content (ppm) and
PM ratios for hortonolite dunite from
the 350-level at Mooihoek (97).
Pt Pd Rh Au d
1. Medium-grained (outer) 10 1 0.7 15 10
2. Coarse-grained (inner) 10 5 1 20 2
3. Chromite band in dunite 30 5 1 20 6
The Pt and Pd values reported by Schneiderhohn for
the Mooihoek ores (Table 11-16) are in the same order of magni-
tude as those obtained by this research (No. 8, Table 11-15).
However, the Rh and especially the Au values are somewhat
79.
higher in his samples. The consistently high PM values in
Schneiderhohnts analyses suggest that his samples were obtained
from the ore zone of the pipe.
The results in Table 11-16 indicate that Pt tends to
enrich notably over Pd in the chromite band which is compatible
with the results of this investigation; see for example
"Anorthosites". It is also apparent that Pd, Au, and to some
extent Rh are strongly concentrated in the coarse-grained dunite
or more centrally located part of the hortonolite facies.
This also checks with the results of this research (No. 8,
Table 11-15).
The ratio values computed from Schneiderhohn's
assays are in the same direction as those obtained from the
writer's investigation, that is, Pt greatly exceeds Pd.
Furthermore it is apparent that Pd and Au together tend to
enrich with respect to Pt in passing from the outer medium-
grained dunite into the central coarse-grained facies (Table
11-16). There is also some indication that Rh tends to follow
Pd rather than Pt which checks with the enrichment trend of
Rh as noted above.
Schneiderhohn and Moritz (97) also investigated the
distribution of PM's in each of the mineral components of the
Mooihoek specimens listed in Table 11-16 and their results for
Pt, Pd, Rh, and Au are reported in Table 11-17. The numbers
given for each mineral component correspond to the numbers
designating the samples in Table 11-16.
Table 11-17. Pt, Pd, Rh, and Au content (ppm) in the min-
erals of the Mooihoek rocks of Table 11-16.
Mineral Rock
oxides
(mostly chromite) 3
Pt Pd
5-10
5-10
10-3u
1 0.5-1
hortonolite ........ 2 0.5-1
3 0.5-1
olivine .......... ..2
3
ciallage ...........2
3
1
green hornblende ...2
3
1
brown hornblende ...2
3
1
phlogopite ......... 2
3
1-5
T-5
T-5
1-5
T-5
1-5
1-5
ND
1
ND
1
0.5
L
D
D
0.5
0.5
0.5-1
0.5
0.5
ND
0.5-1
0.5
ND
D
ND
.5-1
Note: D indicates trace, viz. (.0.1 ppm Pt;< 0.5 Pd; < 0.1 Rh;
<0.5 Au.
ND indicates not detected.
From Table 11-17 it is seen that the oxide fraction,
consisting essentially of chromite, contains by far the greatest
part of the platinoids and gold, and indeed the chromite in
the chromite band (No. 3) contains even more than the hortonolite
dunite samples (No. 1, 2). According to the authors the ore
grains ("spangles") were picked out individually under the micro-
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Rh
-l
Au
0.5
2 4*. -1
D
D
D
D
D
D
D
D
D
D
D
ND
D
D
ND
D
ND
D
0.1-0.5
1-0.5
0.1-0.5
D
D
D
D
D
D
D
D
ND
D
D
ND
D
ND
0.1-0.5
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scope before analysis, and polished sections of the oxide frac-
tion showed that minute inclusions of Pt metals occurred within
the chromite. It is noteworthy that Pt is much more strongly
enriched in the chromite than is Pd, the latter tending to be
more dispersed throughout the entire suite of minerals.
The distribution of the PM values in the silicates
of the hortonolite dunite samples is similar to that noted for
the silicates from the Merensky Reef ore (Table II-11). The
Mg-rich olivine apparently contains more Pt but less Pd and Rh
than the Fe-rich hortonolite, the difference, however, being
slight. As in the Merensky ore, the pyroxene is a more favorable
host for the platinoids than is olivine, and furthermore is
richer in Pt than the hortonolite. The hornblendes contain
some of the platinum metals but do not seem to be as favorable
as the diallage. Phlogopite is somewhat more enriched in Pt
than it is in Pd or Rh. As with the Merensky silicates,
plagioclase is quite free from PM's.
It is noteworthy then, that whereas Au is almost
completely lost to the chromite, significant amounts of the
platinoids, and in particular Pt, are retained in the silicates.
Of the silicates, the pyriboles apparently are better hosts than
either hortonolite or olivine.
Ural Type
The information presented here on this type of deposit
has been summarized largely from O'Neill and Gunnihg (90) who in
turn refer to Duparc (37), Zavaritsky (119), Vogt (112), and
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Kemp (68); see also Karpinskii (67).
Typically, the Ural dunite deposits consist of a
central, elongated dish-like mass of dunite more or less
surrounded and covered by pyroxenite which In turn grades
outward and upward into gabbro, a variety of which is tylaite;
see "Gabbros". Associated with these mafic phases are more
acidic rocks, including diorite and granite and occasionally
dikes of pyroxenite, issite, basic pagmatit4, etc., which cut
the dunite or pyroxenite. Duparc indicated that these
assemblages are differentiates of basic sills.
The olivine dunites, which contain the most impor-
tant type of primary platiniferous deposits, are consistently
free of pyroxene. Chromite, however, forms up to about 3% of
the rock and may occur as disseminated grais or as small
shoot-like segregations.
Platinum (ferroplatinum) occurs crystallized with
chromite, rarely with olivine and is very low in Pd but rela-
tively high in Os and Ir. The Pt occurs moulded upon the
chromite either isolated or in nest-like concentrations, and
when found with olivine it is either intergr'own with or con-
tained in the olivine.
The amount of Pt in dunite is "very, very small".
By calculating the amount of Pt washed from'streams and the
quantity of dunite eroded, Duparc estimated that the widely-
known Taguil dunite body averaged about 0.17 grains/m3 , or
about 6.6g/ton with Pt worth 440/oz. Upon conversion, this
average content amounts to 0.00165 oz/ton or 56 ppb which
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checks for example the value of 66 ppb Pt for the outer Mooihoek
dunite obtained in this research (No. 31, Table 11-15).
From a study of the Ural placers, Duparc found that
native Pt also occurred in pyroxenite either with pyroxene or
with magnetite. He was able to distinguish the Pt of the pyrox-
enite from that of the dunite principally by its somewhat richer
content of Pd.
In this research only one specimen of chromitiferous
dunite from a Ural deposit (Krasny mine) was investigated and
it has the PM assays (ppm) given below.
Pt+Pd
Pt Pd Au Pt/Pd Pt/Au Au
107. Chromitiferous dunite 1.26 .023 0.114 57 11 11.2
This specimen, which apparently represents an ore sample from
the Krasny mine, is rich in Pt and relatively poor in Pd and
Au. On the basis of its PM content it is very similar to the
hortonolite dunite sample from the Onverwacht deposit (No. 17,
Table 11-15). Furthermore, the PM ratio values for the two
samples are comparable in that they are very high for each
sample (Pt/Pd - 55, Pt/Au 10). On the basis of the earlier
discussion on the marked association of Pt with chromite in the
Ural dunites, it is highly probable that the values for this
sample (No. 107) also are held principally in the chromite of
the rock. This would also be expected from the results of the
investigation conducted by Schneiderhohn and Moritz on the
distribution of PM's in Mooihoek ore (Table 11-17).
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Summary
From the preceding discussion it may be concluded
that "primary" types of peridotites as represented by the
Montrose, Murfreesboro, and Bulfontein specimens have concen-
trations of Pt, Pd, and Au very similar to locally fraction-
ated types such as the Bushveld harAzburgites. Consequently
the "primary" peridotites may have a genesis similar to the
haryzburgites. This coincides with the concepts of Turner
and Verhoogen who believe that such peridotites are formed at
fairly shallow depths and from a basaltic parent magma rather
than from a peridotite magma.
In the Onverwacht and Mooihoek pipes of the Bushveld,
the highest assays occur in the inner hortonolite core. It is
apparent that the Pt/Pd and Pt/Au values rise markedly on
passing from the outer shell of olivine dunite to the inner
hortonolite core in each of the two deposits.
The assays for this research check more or less those
reported by Schneiderhohn and Moritz, who also showed that the
major part of the PM's are held in the chromite fraction of the
Mooihoek ores. In the presence of chromite, Au apparently
shuns the mafic silicate phase whereas significant amounts of
the platinoids and in particular Pt are retained, principally
in the pyriboles. The hortonolite is a better host for Pd and
Rh than is olivine, whereas Pt is about equally distributed
between the two minerals. Phlogopite also may contain rela-
tively high amounts of Pd and Rh and especially Pt.
A mine sample of chromitiferous dunite from the Urals
85.
was found to be rich in Pt, and in general showed values similar
to the hortonolite dunite from the Onverwacht pipe of the Bush-
veld lopolith. Here as in the Bushveld deposits, the PM's are
probably intimate with chromite.
It is noteworthy that all the peridotites investi-
gated are enriched in Pt relative to Pd.
The similarity of values between the Fe-rich Onver-
wacht type of pipe and the Mg-rich Ural type of pipe together
with their geological settings all point to a somewhat similar
origin for these platiniferous dunite deposits. Undoubtedly they
are high-temperature magmatic deposits and have been derived
from parent basic magmas by extreme differentiation. The
platinoids and Au are apparently concentrated early along with
the chromite and dunite crystallates.
Mineralizers were relatively absent in the Ural dunitic
"magma" whereas they must have been present in the dunitic
"magma" of the Bushveld as evidenced by the presence of such
minerals as hornblende, phlogopite, apatite, and sulphides in
the latter deposits.
In the Bushveld, the pipes transect and yet seem to
replace the Critical zone layers since they transgress host
rock but also replace some of the more acidic members (113).
Furthermore, in the Rustenburg district, the hortonolite be-
comes platiniferous near the Merensky Reef which is itself
impoverished near the dunite, indicating possibly that platinum
metals were locally extracted by the dunitic "magma".
In any event the emplacement (or deposition ?) of
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the pipes is later than the Merensky ores. This implies that
the oxide-dunite fraction remained relatively mobile even after
the crystallization of the sulphidic Reef. Prior to emplace-
ment then, much of the platinoids were initially segregated into
two fractions, an upper sulphidic fraction and a lower oxide-
dunite fraction, each locally containing substantial amounts
of platinum metals. This division of the PM's into two frac-
tions is what might be expected because of their joint sidero-
phillic and sulphophillic tendencies.
The mafic parent magmas of the Ural dunites must
have been relatively low in sulphidic ions and consequently
associated sulphidic phases were not developed as was the case
in the Bushveld lopolith. Perhaps the relative size of the
parent magmas as well as the extent of differentiation which
each underwent, are important considerations here because
the Bushveld lopolith is much larger and more differentiated
than any of the sills associated with the Ural deposits.
Therefore, it seems reasonable to believe that both
types of deposits are direct consequences of fractionation
in situ. The Bushveld oxide-dunite fractions were mobile,
however, and consisted of a slush of crystals of olivine,
hortonolite (?), and platinum-bearing chromite lubricated by
a magmatic "liquid" of H20, F, S, etc., and possibly Fe.
Emplacement on the part of the Bushveld pipes may
have been activated by collapse of the lopolith whereby zones
of weakness formedalong which the oxide-dunite slush was in-
truded. The magmatic liquid may have carried some of the PM's
colloidally or as complexes with sulphur although it seems more
likely that the PM's were largely transported as crystals or
grains intergrown principally with the chromite.
The Fe to Mg zoning in the pipes does not seem to
greatly effect the distribution of values of the PM's since
economic platinum values have been found in the olivine dunite
section of the pipes (113). Hence the distribution of values
is more directly related to the concentration of chromite which
apparently is magmatic in origin and early in crystallization.
During its formation, Pt and associated metals crystallized
contemporaneously with the chromite and were attached to the
metallic oxides or were captured as blebs.* Thus the localiza-
tion of Pt in the dunite pipes of the Bushveld and the Urals
is most likely a consequence of the localization of platinifer-
ous chromite which initially crystallized out with dunite from
a portion of the melt very rich in platinoids and gold.
Anorthosites
Three specimens of anorthosite were analysed for PM's.
Two of the samples were relatively high in chromite and sulphide
and these had been collected from the anorthositic bands lying
within the strongly differentiated Critical zone of the Bushveld
lopolith. The third specimen was representative of the anortho-
* The possibility of Pt and Pd being partially soluble in
chromite at high temperatures and exsolving as native
metals on cooling is considered elsewhere (p.131).
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site facies which comprises the bulk of the Adirondack$ massif
in northern New York.
As indicated by Hall (52), the Bushveld anorthosites
are considered to have been derived by gravitational settling
(or floating) of plagioclase crystals (principally bytownite)
during the early stages of differentiation of a basic parent
magma. The origin of the large and independent Adirondack
intrusive is somewhat controversial. Bowen (19) for example,
upholds that the intrusive was filter pressed into position
after the plagioclase crystals had separated from a gabbroic
magma. On the other hand, Buddington (22) states that the
Adirondack body is an injection of a mobile, largely liquid,
feldspathic magma which was derived from a somewhat speculative
substratum layer in the earth's crust.
The results of this research are given in Table II-18.
Table II-18. Pt, Pd, and Au Qontent (ppb) and
PM ratios for some anorthosites.
Pt Pd Au Pt/Pd Pt/Au +Pd
72. Adirondack (Essex Co.) ( 3 (3 26 -1.0? -0.12? -0.22?
10. Bushveld (spotted) 13 43 41 0.31 0.33 1.4
12. Bushveld 1)8 20 78 6.9 1.8 2.0
Mean (10, 12) 76 32 60 2.4 1.3 1.8
As shown, the anorthosites from the Bushveld complex are con-
siderably richer in Au and Pd and especially Pt than the
Adirondack specimen.
The pair of South African specimens are quite variable
in noble metals and appear to have a wide range of values,
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especially for Pt (13-138 ppb). Specimen 10, which is from the
bronzite-bearing anorthositic hanging-wall above the sulphidic
Merensky Reef, is lower in Pt (13 vs 138 ppb) and Au (41 vs 78
ppb) but higher in Pd (43 vs 20 ppb) than the other chrome-rich
specimen (No. 12). Specimen 12 is also from the Critical zone
of the lopolith but it was not located stratigraphically as
closely as specimen 10. It may lie above or below the Merensky
unit.
The strong enrichment of Pt over Pd in the chromitifer-
ous rock and the moderate enrichment of Pd over Pt in the sul-
phide-bearing spotted anorthosite indicates that chromite is
the better host mineral for Pt, and that sulphide is the better
host mineral for Pd. This relative degree of enrichment of the
two elements is what might be expected since Pd tends to be more
chalcophillic than Pt. In the two samples, Au apparently follows
Pt in trend since it is twice as enriched in the high Pt rock
(No. 12) than it is in the low Pt rock (No. 10). It is reasonable
to infer that the PM values in No. 12 are contained in the oxide
and also that most of the values in No. 10 are in the sulphide
phase.
The contents of PM's in the two Bushveld anorthosites
average: Pt = 76, Pd = 32, and Au a 60 ppb. Here, as with
many of the specimens from the Critical zone, Pt+Pd/Au and
often Pt/Au are greater than unity, indicating that the anortho-
sites are generally more enriched in the platinoids than Au.
The average Pt/Pd value of 2.3 is suggestive that Pt is more
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prevalent than Pd in the anorthosites of the Critical zone
although this is not conclusive.
Abundances of Pt, Pd, and Au in Igneous Rocks
In estimating the approximate average abundance of
Pt, Pd and Au in igneous rocks, the method suggested by L.H.
Ahrens (personal communication) and also used by Pinson,
Ahrens, and Franck (93) is adopted here. The abundances are
obtained by weighting each of the mean PM contents for
granites and basalts in the proportion 2:1 on the assumption
that the average composition of the igneous rocks are equiva-
lent to that of two parts granite to one part basalt. As
noted on p. 44 it was originally planned to take the mean
values of the basalt together with the diabase group for the
basaltic component but since the assays for the diabases are
somewhat erratic, they are not used.
The results of such computations are given in Table
11-19. The mean for the basalts (plateau plus oceanic) has
been taken directly from Table II-5. For lack of sufficient
data on granites the approximate mean value estimated for the
acidic rocks on p. 25 is used. These values may be high.
Table 11-19. Approximate abundances (ppb) of PM's
in igneous rocks.
Pt Pd Au
Basalt 26 41 110
Granite 5 80
Igneous Rocks 11 17 90
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The general order of abundance of the three elements
is Au, Pd, and Pt, with Pd exceeding Pt by a factor of about
one and a half (Pt/Pd = 0.65). For the purpose of comparison,
the mean values obtained here are listed in Table 11-20
together with those from previous investigations as given by
Goldschmidt (50, p. 679).
Table 11-20. Abundances of Pt, Pd and Au (ppb)
in igneous rocks ( 50 ).
Pt Pd Au
Noddacks (1934) 22 10 4
Berg (1932) 50 50 6
Goldschmidt (1945) 2 4 2
J.C.H. 11 17 90 (?)
With the exception of Au, the abundances of PM's
check very well with the previous estimates, and in particular
those reported by the Noddacks. Furthermore, the ratio of
Pt to Pd obtained in this research (0.67) is in the same
direction as that presented by Goldschmidt (0.50). It thus
appears very likely that the abundances for Pt and Pd obtained
by the writer are reasonable and probably closer to the real
abundance values than the previous estimates.
The high Au value contrasts very sharply with the
other mean values and is difficult to account for, unless the
abundance of Au in igneous rocks is actually much greater than
it was hitherto thought to be. Goldschmidt computed his mean
value for Au (2 ppb) on the basis of Ag:Au 20:1 which was
based on the proportion of these two elements in rich ores.
92.
Such a method of applying a sulphides proportion to igneous
rocks seems illogical since Ag and Au are not identical geo-
chemically (see "Chondrites") and it may very well be that
Ag:Au varies considerably from a sulphide phase to a silicate
phase. In any event, the value of 90 ppb obtained by the
writer appears to be very high. It is possible that the samples
(basalts and granites) investigated are fortuitously high in
Au which would account for the high value.
High Au values might also be attributed to analyti-
cal error. However, a careful review of technique has not
brought any such error to light. The silver foilO used as a
collector for the PM's during assaying contained a trace of
Au but this contamination was compensated for in the con-
struction of the working curve (PART III). Furthermore,
blank assays containing double amounts of fluxing reagents were
run during the fire-assaying and in all cases Au was not de-
tected over and above the amount in the silver foil. Perhaps
the method of adjusting for Au losses incurred during slagging
and cupellation was not satisfactory. If too much Au and too
little Pt and Pd were added as correction factors then the
apparent difference between the abundances of the platinoids
and Au might be expected.
It may very well be that Au is truly more abundant in
igneous rocks than originally estimated, but whether it is as
high as 90 ppb seems unproven. Rence, the Au value in Table
II-20 must be questioned until experimental determinations
either verify or disprove it.
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It may be concluded that the abundances of Pt (11
ppb) and Pd (17 ppb) in igneous rocks are representative,
whereas Au (90 ppb) is apparently high and thus dubious.
Chondrites
For a general review of the features, mineralogy,
and classification of meteorites see for example Rankama and
Sahama (95) or Daly (32); and for a recent discussion on the
chemical composition and origin of chondrites consult Urey
and Craig (110).
Meteorites are generally believed to be representa-
tive samples of the celestial material from which the earth
was made and for this reason are being carefully studied for
trace elements, ages, etc. (5), (93), and (110). They also
are useful reference materials for interpreting the internal
structure of the earth in conjunction with geophysical and
thermodynamical data. As it was shown in the review dis-
cussion on the geochemistry of the PM's, elements like Pt, Pd,
and Au may be classified geochemically as based on their
selective behavior in the three phases of meteorites and from
this, their behavior in a terrestrial environment may be
anticipated.
Meteorites are classified broadly as irons or stones,
with the latter being subdivided into the chondrites and
achondrites. Of the stones, the chondrites are very common
and hence are often regarded as being representative of sili-
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cate material as a whole. On the average, the chondrites con-
sist of olivine (45%), pyroxene (35%) and plagioclase (11%)
plus troilite and free metal as well as some unique minerals.
Structurally, the chondrites appear to be agglomer-
ates of silicate fragments, chondrules (rounded silicate blebs)
and the metallic phases. In order to explain their unique
spheroidal structure, it is generally said that fractional
crystallization followed in turn by brecciation, melting
(---1500o C) and reconstitution were the main processes involved.
The mechanism for creating such a structure is theorized to be
due to the collision of planetismals (e.g. asteroids) from which
heat and pressure are generated.
On the assumption that little or none of the PM's were
lost during meteorite formation, Urey believes that the values
determined for chondrites may equal the cosmic abundances of
these metals (109).
The results of the fire assay-spectrochemical analysis
of 5 well-known chondrites are listed in Table 11-21. Each of
the PM values given for samples 60, 61, and 62 is the mean of
two (duplicate) values. Unlike the assays given for the rock
samples, the chondrite values are uncorrected for slag and
cupel losses (PART III). Only a trace of Os was detected in
some of the samples because this metal was almost completely
lost through volatilization of the tetraoxide during cupella-
tion of the lead buttons (p. 246).
It should be noted here that several weeks after
these determinations were made it was brought to the attention
of the writer that the "sample" analysed for the Hessle stone
was not truly representative of this chondrite because an un-
known amount of the silicate phase had been used for an earlier
trace element investigation (93)*. Consequently its values are
too high and thus are omitted in the computation of the mean
PM contents of the chondrites.
Table 11-21. PM content (ppm) and ratio
values for some chondrites.
Pt Pd Rh Ir Ru Au
59. 0.16 0.66 0.10 - - 0.03
60. 0.57 0.95 0.15 0.33 - 0.09
61. 0.93 1.65 0.26 0.61 0.40 0.08
63. 0.10 0.54 0.10 - 0.07
(62. 5.59 3.90 0.68 0.48 0.47 0.04)
Mean 0.44 0.95 0.15 0.4 0.4 0.07
Pt Pt Pt Pt Pt Pd Pd Pd Pd
Pd Rh Ir Ru Au Rh Ir Ru Au
59.
60.
61.
63.
(62.
Mean
0.24 1.6 - 5.4 6.6 - - 20
0.61 3.8 1.8 6.4 6.3 2.9 10.5
0.56 4.0 1.5 2.3 6.4 2.7 4.1 20
0.19 1.0 - 1.4 5.4 - - 7.8
1.4 8.3 11.6 1.2 137 5.8 8.1 .3 97
0.47 2.9 1.1 1.1 6.3 6.3 2.4 2.4 13.6
Note: 59. Homestead 61. Hayes Center
60. Waconda 63. Long Island
(62. Hessle)
As shown in Table 11-21, Pt, Pd, Rh, and Au are present
in each of the chondrites whereas Ir was concentrated enough to
be determined in only three and Ru in only two of the stones.
* Private communication with Dr. W.H. Pinson.
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For the group, the mean concentration values reveal
that the platinoids decrease in abundance in the probable
order of Pd (0.95 ppm), Pt (0.44 ppm), Ir (--'0.4 ppm),
Ru (-- 0.4 ppm), Rh (0.15 ppm) and Os. The apparent absence of
Ru and Ir in some of the samples is undoubtedly a result of
slag and cupel losses (p. 247). The Au values are doubtfully
low and this is difficult to comprehend unless an error
occurred in the preparation of the standard from which the
working curve for Au in chondrites was evaluated (p.210);
additional considerations are noted on p.231.
Within the group, the variation for each of the PM's
is noteworthy and, as will be outlined below, this variation
may be a result of the difference in proportions of the metal,
sulphide, and silicate phases present in each of the specimens
analysed. Correspondingly the change in individual PM ratios
for the group may also be a direct consequence of phase compo-
sition, especially if each of the metals has differing ten-
dencies to be enriched in each of the three phases present in
the meteorites.
It is notable that with the exception of Ir and Au,
the remaining PM's follow one another quite closely in their
individual enrichment trends but, as indicated by their ratio
values, the association between any two elements is not a
fixed relationship except for the pair Pd:Rh which has a con-
stant ratio value of about six in each of the five chondrites.
Excluding the results of the Hessle specimen, Pd is
the most abundant of the PM's in each chondrite. It reaches
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its peak value in the Hayes Center stone (1.65 ppm) and its
minimum in the Long Island (0.54 ppm). Pt is the second most
abundant PM and it also attains its highest (0.43 ppm) and
lowest (0.10) values in the same specimens as Pd. Again, Rh
is richest in the Hayes Center stone (0.26 ppm) and equally
poorest in the Long Island and Homestead samples (0.10 ppm).
Iridium and ruthenium are also enhanced in the Hayes Center
stone.
As indicated above, the variation in PM contents for
each of the chondrites depends principally on the amounts of
metal, sulphide, and silicate present in each because the PMts
are held solely in the sulphide and metal phases. The phase
proportions vary somewhat from chondrite to chondrite and
because they do, the contents of PMfs also will vary. Further-
more, the differing tendencies for each of the PM's to be
selectively enriched in either the metal or sulphide phases
may also cause the ratio values for each pair of elements to
vary from sample to sample. In order to show the distributions
as well as the selective enrichment of each of the PM's between
the two phases, the mean abundances of the PM's in each of the
phases, as compiled by Goldschmidt (46) and reported by
Rankama and Sahama (95, pp. 689, 702), are given in Table 11-22.
For each of the PM's a concentration factor as based on the
ratio of PM in the iron phase to that in the sulphide has been
computed by the writer.
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Table 11-22. Distribution of PM's in
meteorite phases (95).
I/SZ PM Iron Phase (I) Sulphide Phase (S) (Concentration
Factor)
44 Ru 10 (ppm) 9 (ppm) 1.1
45 Rh 5 0.4 12.5
46 Pd 9 2 4.5
47 Ag 4 18 0.2
76 Os 8 9 0.9
77 Ir 4 0.4 10
78 Pt 20 2.0 10
79 Au 4 0.5 8
(Note: PM's not detected in silicate phase)
From Table 11-22 it is apparent that excluding Ag
and with the possible exception of Os, the noble elements are
more strongly enriched in the metal phase than in the sulphide
phase. A study of the concentration factors (Iron/Sulphide)
also reveals that the PM's are not equally siderophillic.
The pair Pt:Pd may be considered as a typical example. The
higher I/S value for Pt as against Pd (10 vs 4.5) indicates
that Pt has a greater tendency to be concentrated in the metal
phase than does Pd, or reciprocally, Pd is relatively more
chalcophillic than Pt. Similar lines of reasoning may be
applied to the other PM's.
It is also noteworthy that the pairs Ir:Pt, Ru:Os,
and Pt:Au or Ir:Au might be expected to follow each other from
chondrite to chondrite because each partner of a pair has a
similar I/S value. This was found to be more or less true
in this investigation although the data obtained for some of
the elements (e.g. Ru, Os, Ir) are too meager to verify it.
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However, the constant value of about six for Pd:Rh as noted
previously does not follow, at least from their individual
1/S values, and consequently the mean abundances given for Rh
in Table 11-22 may not be correct.
In any event, it is seen that the PM's are held pre-
dominantly in the iron phase of the chondrites. Furthermore,
the variation in PM values between individual chondrites as
well as the variable PM ratios within each chondrite are
certainly to be expected because chondrites contain variable
amounts of metal and sulphide and because each of the PM's are
not equally distributed between the two phases.
The mean abundances of PM's in chondrites as obtained
from this investigation may be compared with those reported
by the Noddacks (86), and by Goldschmidt (46) and Urey (109).
This has been done in Table 11-23.
Table 1I-23. Mean abundances of PM's
in meteorites (ppm).
Average Average
Z Meteorite Meteorite Chondrites Chondrites
(Noddacks) (Goldschidit) (Urey)
44 Ru 6.1 2.23 1.4 0.4
45 Rh 1.3 0.80 0.47 0.15
46 Pd 4.6 1.54 0.92 0.95
76 Os 1.4 1.92 1.20 Trace*
77 Ir 3.2 0.65 0.38 0.40
78 Pt 2.3 3.25 1.90 0.44
79 Au 1.9 0.65 0.25 0.07 (?)
* Os lost by volatilization of 0S04.
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The Noddacks compiled their results from a combination
study of the individual phases of several different meteor-
ites: the non-magnetic silicate phase was separated out from
42 stone meteorites; the iron phase was obtained from 16 iron
meteorites; and the troilite phase was separated out from 5
large iron meteorites. The mean analytical results for each
phase iere then determined and combined by using the ratio of
stone:iron:sulphide = 1:0.68:0.098 as the weighting relation-
ship to get the values listed in Table 11-23.
Goldschmidt (46) reviewed the earlier abundance data
for the meteorite phases (45), (86) and (89) and after per-
sonally selecting the values he thought to be most accurate,
computed the values as listed in Table 11-23 by using a ratio
of silicate:troilite:iron of 10:1:2.
Urey (109) compiled abundance values for the platinoid
metals by weighting Goldschmidt's averages from the metal and
troilite phases (Table 11-23) in the proportion 85:2.:5.5; and
with the same ratios he determined gold by using Goldschmidt's
mean value for the troilite phase and Goldberg and Brown's data
on the iron phase (43).
From the tabulation it is apparent that the results of
this research are comparable to Urey's abundance values at
least for Pd (0.95 vs 0.92 ppm) and Ir (--0.4 vs 0.38 ppm). The
remaining assays, and in particular Os and Au, are lower.
Gold seems to be definitely questionable. Ruthenium, rhodium
and platinum are each about 1/3. of the values compiled by Urey.
The only logical reason that can be given to explain the resulting
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low values is that substantial amounts of these metals are lost
metallurgically during fire assaying.
Thus the results of this investigation are not without
some error and unfortunately, since reassays of cupels and slags
were not undertaken, the losses incurred during the fire assaying
of the chondrite samples could not be corrected.
Nevertheless it may be concluded that the PM's are
found to be quite coherent in chondrites - in particular Pd:Rh
since these two elements show a constant ratio value of about
six. The results for the chondrites are variable and it is
contended that this variation is not only due to variable
losses of each of the PM's during assaying, but also is due to
the fact that chondrites contain variable amounts of metal
and sulphide phases. Similar PM ratio values are not obtained
in the chondrite group and this might be expected since each
of the PM's are variably siderophillic or chalcophillic. On
the basis of the relative degree of enrichment of Pt and Pd
in the metal and sulphide phases of meteorites, it also may
be concluded that Pd is more chalcophillic than Pt or that
Pt is more siderophillic than Pd. This has also been indicated
in the discussions for example on "Diallage pegmatite (Merensky
Reef)" and on "Peridotites".
Summary of Abundances
The mean abundances of PM's for the various rock types
analysed in this research are summarized in Table 11-24.
Results that have been indicated as questionable in the previous
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discussions were not used in determining these mean abundance
values. For the purpose of comparison, the values for each of
the main rock types of the Bushveld complex have been averaged
individually and these, where possible, are compared with the
average values obtained for the corresponding rock type from
other areas. The mean values obtained for the igneous rocks
ani the chondrites also are given. For comparison, the Au
content in Atlantic sea water as reported by Stark (104) is
included in the tabulation.
In Table 11-24, the first column gives the rock
type, and the second column the number of respective samples
from which the results in the remaining columns were averaged.
The mean PM values for the peridotites do not include those
for the Bushveld or Ural pipe deposits.
In general, the Bushveld rocks are higher in PM's
than corresponding rock types from other igneous bodies. High
Pt and Pd values occur in the anorthosites and pyroxenites
(Pt a 48-75 ppb, Pd - 32-59), within the Bushveld groups, and
the moderate to low values are found in the norite-gabbros
(Pt 21-50 ppb, Pd a 21-31) and the harpzburgites (Pt - 17 ppb,
Pd 12). The minimum values of Pt and Pd appear in the acidic
rocks like granites, or in norite which was contaminated with
assimilated host rock (Specimen 25 in Table 11-9). Gold seems
to shun the ultramafic rocks both in the Bushveld and in its
counterpart rocks. In the Bushveld suite, Au is richest in the
norites and acidic rocks whereas the basalt-diabase and gabbro
rocks of the other localities contain the highest amounts of Au.
Table 11-24. Summary of mean abundances of PM's (ppb) and ratio values.
Pt Pd Au Pt/Pd
Bushveld acidics
U.S.A. acidics
Basalts
Diabases
15
5
Bushveld peridotites*
Other peridotites*
Bushveld gabbros
Other gabbros
Bushveld pyroxenites
U.S.A. pyroxenites
Bushveld norites
Sudbury norite s
Bushveld anorthosites
Essex anorthosite
Chondrites
Igneous rocks
Atlantic sea water
<3
<3
26
37
17
18
21
19
48
9
38
11
75
4
4
27
400
11
92
56
41
16
12
11
31
20
59
3
15
6
32
3
950
17
110
47
67
53
87
101
63
27
62
42
60
26
70M(?)
90 (?)
~0.6(?)
~1.0(?)
0.63
2.3
1.4
1.6
0.68
0.95
0.82
3.0
2.5
1.8
2.3
1.3
0.47
0.64
-/0.03
< 0.05
.0.24
0.79
0.25
0.34
0.24
0.19
0.76
0.30
0.61
0.26
1.2
0.15
6.3(?)
0.12(?)
-0.09
< 0.10
0.61
1.1
0.43
0.34
0.60
0.39
1.7
0.44
0.86
0.41
1.8
0.47
19(?)
0.31(?)
0.2
* Excludes dunite pipe deposits.
No. of
Samples Pt/Au Pt+PdAu
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In both groups, the highest Pt/Pd values (> 1) are
more or less associated with the ultramafic fractionates, while
the lower ratio values are with the basic and acid types (( i).
The Pt/Au values have greater range in the Bushveld rock (0.03-
1.2) than in their counterparts (40.03-0.38) and the higher
values for the Bushveld types being confined to the ultramafic
facies as compared with the other group which has higher Pt/Au
values in the basic rocks. The Pt+Pd/Au values are variable
for both types of rock, but it is apparent that the higher
values occur in the Bushveld rocks and here the highest values
are associated with the anorthosites and pyroxenites.
The average Pd and Pt content of chondrites are each
seen to be about 30 times greater than the average values for
the igneous rocks. However, the Pt value for the chondrites is
probably low and thus the concentration factor of 30 for the
difference in the two Pt values also is low. Based on Urey's
(109) value of 1.90 ppm (Table 11-23) this factor would be in
the order of 130. The gold values for this work are doubtful
and thus cannot be compared. Nevertheless some idea of the
degree of concentration of Au in the chondrites is obtained by
usinpg Urey's average value of 0.25 ppm for the chondrite abun-
dance (Table 11-23) in combination with the igneous rock value
of 0.004 for the Noddacks (11-20). From these two values it is
seen that Au is 63 times more abundant in chondrites than in
igneous rocks.
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DISTRIBUTION OF PT, PD, AND AU VALUES
The distribution characteristics or patterning of
various minor elements in a sampling of rocks may be evaluated
and compared with one another by means of frequency distribu-
tion pyramids (or histograms), see for example (39).
For this research it was decided not only to investi-
gate the distribution characteristics of Pt, Pd, and Au in the
rock suite as a whole, but also to examine the dispersion of
these elements in the Bushveld specimens and to compare this
patterning with that which would be obtained from a study of
a basic group of rocks excluding most of the Bushveld specimens*.
By such a procedure some insight would be gained into the
distribution characteristics of the PM's in a strongly differ-
entiated suite as represented by the Bushveld rocks as well as
in a less differentiated suite of rocks consisting solely of
basalts, diabases, and gabbros.
In this way, the corrected values of Pt, Pd, and Au
from Table III-11 were compiled into two major groups, the
Bushveld group and a basaltic group, and these were plotted
together with the results for the entire rock suite as shown
in Fig. 2. A histogram (red) has been plotted for each of the
three PM's for each rock group (9 in all). Each histogram is
logarithmic with the number of values per logarithmic interval
of 0.25 along the ordinate scale (base) being plotted against
* Bushveld samples included: diorite (No. 7), gabbros (No. 9,
11, 67).
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the logarithm of the concentration values (x 10~7%)* along the
abcissa**. In each histogram, the height of the bars are drawn
proportional to the frequency of the logarithm of the values.
To accentuate the distribution patterns and at the
same time provide a more accurate approach to the evaluation of
the characteristics of each of the PM's in the groups, statisti-
cal curves representing the smoothed values of the histograms
also were drawn in the same diagraas. Although these curves are
interpretive and have been drawn by eye, they are assumed to be
fairly representative of the histogram data. For each of the
three rock groups, a composite plot is also given on which each
of the frequency curves for Pt, Pd, and Au are superimposed.
Bushveld Complex Group
The statistical evaluation of the PM values from the
analysis of 35 rocks from the Bushveld complex (No. 1-18, 20-35,
64, and 106) yields three fairly regular logarithmic distribu-
tion curves (see upper diagrams in Fig. 2).
An examination of the Pd curve indicates that this
metal is moderately dispersed in Bushveld rocks. Furthermore,
there is a strong suggestion that Pd follows a lognormal distri-
bution with the mode of the values, as obtained from the curve
*1 x 10 7% a 1 ppb.
** This method of plotting suggested by Professor L.H. Ahrens;
see also (6).
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lying at about 20 ppb (1.3)* as measured on the abcissa.
When the distribution curves for Pt and Au are
examined, it is apparent that the Pt curve has a slight posi-
tive skewness whereas that for Au shows an even more distinct
negative skewness. This indicates that the distribution
patterns for these two elements are not as close to a lognormal
one as that for Pd. Furthermore, there is some indication that
Au and especially Pt are less widely dispersed in the Bushveld
rocks than is Pd as indicated by the spread of their respective
curves.
Why the Pt curve should have a narrower spread than
Pd is difficult to account for. This relatively low disper-
sion pattern for Pt may be a result of a greater selectivity
on its part to concentrate over Pd in metallic oxides such as
chromite which are present in many of the Bushveld specimens.
Contrariwise, Pd, having a lower affinity for the oxide phase,
would tend to be more dispersed. This is only a suggestion and
cannot be proved from this research because no attempt was made
to determine microscopically the oxide content of each of the
specimens.
The mode for Pt lies at 13 ppb (1.12); the mode for
Au at 130 ppb (2.12). Thus, the order of increasing modal
values for the PM's is Pt, Pd, and Au. In other words, for the
Bushveld population, the most frequent Pd is slightly greater
* The concentration value 20 ppb, which has been enumerated to
the nearest whole number, is the antilog of 1.3 , the latter
being read from Fig. 2.
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than the most frequent Pt value. On the other hand, and this is
questionable (p. 91), the most frequent Au value appears to be
much greater than that for Pt.
Whether the above-mentioned distribution character-
istics of the PM's truly represent the Bushveld complex as a
whole can only be answered after a more intensive investigation
i)e undertaken. The Pd curve indicates that the element has a
lognormal distribution but, and this of course is applicable to
all the curves represented, this may very well be due to a
paucity of samples. Similarly, the slight positive skewness
in the Pt curve might become more accentuated ;Ith a larger
population or, contrariwise, might reflect more closely a log-
normal distribution for Pt. As for the Au curve, the rather
marked negative skewness suggests that this feature may be
unique, and would tend to remain unchanged even with a more
extensive sampling of Bushveld specimens.
Basaltic Group
The values used here were compiled from the PM con-
tents of 29 basic rock samples (No. 7, 9, 11, 30, 36, 37, 40,
42-44, 48, 49, 51-57, 64-71, 108, and 122).
The histograms and distribution curves shown for the
basaltic (or basic) group resemble the curves for the Bushveld
samples. As drawn, the curves have similar shapes, again Pt
and Au have about the same degree of skewness, and furthermore
are slightly accentuated in the same sense as the Bushveld
curves.
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The distribution curve for Pd is interpreted as a
lognormal type even though frequency data are lacking in the
lower value range, i.e., 6 ppb (or 0.75 on the abeissa).
This interpretation is based on Ahrens' law that the concen-
tration of an element is lognormally distributed in specific
rock types (6). If this law be applicable to the basic group,
and it probably is, then the noted absence of data in the lower
value range of the histogram may be accounted for by restricted
sampling. If this is true, then the tendency for the Pt and
Au curves to depart from bilateral symmetry might also be
expected.
The modes for Pt and Pd are 14.5 ppb (1.16) and
13 ppb (1.12) and that for Au lies at about 126 ppb (2.1).
It is noteworthy that whereas in the Bushveld samples the Pd
mode was greater than that for Pt (20 vs 13 ppb), in the
basaltic group the two modes almost coincide (- 14 ppb).
Furthermore, the modal values for Pt (, 14 ppb) and Au (126 ppb)
for both rock groups are alike.
As indicated by the spread of the distribution curves,
the dispersion patterns for the PM's are not identical for the
two groups. In the basic group, Pd shows slightly less disper-
sion; Au shows one-half as much dispersion; and Pt shows three
times as much scattering when compared with their distribution
characteristics in the Bushveld rocks.
That Pt is less dispersed in Bushveld suite might be
accounted for by the extreme differentiation that these rocks
have undergone as compared with the relatively little differen-
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tiation that the basic rocks were subject to. Since Pt and Pd
have similar properties and tend to show moderate coherence
(p. 116, etc.), Pd also might be expected to be more widely
dispersed in the basic group. As noted above, however, the
sampling here may not have been extensive enough to bring out
the real distribution pattern for Pd in the basaltic rocks.
Thus, the distribution of the PM's in the two groups
appear to be similar in pattern (shape) but differ slightly in
dispersion characteristics as well as in a modal shift on the
part of Pt and Pd. It might be expected for the groups to
exhibit some similarity in distribution characteristics because
the Bushveld rocks are fractionates from a basic type of magma
for which the basaltic rock group, broadly speaking, may be a
counterpart (p. 154).
It is of interest to note that the tendency on the
part of Au and especially Pt to approach a lognormal type of
frequency distribution in this basic group of rocks implies that
Ahrens' geochemical distribution rule is applicable not only to
a specific rock type, as for example basalt, but also is appli-
cable to a broad rock group, which is composed of allied rock
types having similar chemical compositions.
Total Rock Suite
A statistical analysis of the PM values as obtained
from the entire series of rocks investigated is shown in the
lower four diagrams of Fig. 2.
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The Pd curve appears to be a lognormal type with the
mode lying at 13 ppb (1.12). An inspection of the Pt curve
reveals it to have a slight positive skewness with the mode
occurring at the same value as that for the Pd curve. The dis-
tribution curve for Au has a marked negative skewness with the
modal value occurring at about 130 ppb (2.12). On further
examination it may be seen also that whereas the spreadsfor the
Pd and Au curves are about the same, the spread for the Pt
curve is about one-half that of the other two curves. This
relationship is brought out best by the composite diagram.
Consequently it may be stated that in the rock popu-
lation investigated, Pd is characterized by a lognormal or
symmetrical type of distribution, whereas Pt and especially Au
depart somewhat from this property. The negative skewness in
the patterning of Au distinguishes this element from the pattern-
ing of Pt and Pd. Also, Pt shows less dispersion than either
Pd or Au. Thus, Pt and Pd are alike in curve symmetry and
mode value but differ in their dispersion characteristics. On
the other hand, Au has a pattern which resembles Pd only in dis-
persion and which resembles Pt only in having a non-symmetrical
type of distribution.
Since the cross-section of samples investigated is not
truly representative of the crustal igneous rocks because almost
one-half of the samples analysed consist of Bushveld specimens,
the distribution curves presented cannot be considered as models
depicting the true distribution characteristics of Pd, Pt, and Au.
Nevertheless, it does appear that there is a marked tendency for
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Pt and Pd to approach a lognormal type of distribution in these
igneous rocks. If this be true, then Ahrens' law on the distri-
bution patterns of Pt, Pd, andAu in specific rock types might
also apply to the distribution pattern of the PM's (and other
elements ?) in the crustal rocks as a whole.
Whether or not this is a valid conclusion can only be
verified by further research.
Summary and Conclusions
By analysing the concentration values of Pt, Pd, and
Au with the aid of histograms and frequency curves such charac-
teristic features as mode, shape, and spread were obtained and
these parameters were used for evaluating the distribution
patterns of the three elements in the Bushveld rocks, in a
basaltic group of rocks, and in the complete rock suite. The
distribution characteristics for each of the PM's in each rock
group are summarized in Table II-25, which follows.
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Table 11-25. Distribution characteristics
of Pt, Pd, and Au.
Pt Pd Au
Bushveld Group
Mode (ppb) 13 20 130
Spread (dispersion) 1 4 3.4
Shape (symmetry) positive skew lognormal negative skew
Basaltic Group
Mode 14.5 13 126
Spread 2.4 3.4 2.4
Shape lognormal (?) lognormal (?) lognormal (?)
Total Rock Suite
Mode 13 13 130
Spread 1.6 3.3 3.0
Shape lognormal (?) lognormal negative skew
Note: Spread values are given in abcissa intervals and for each
diagram were measured one-half the distance from the base
to the peak of the frequency curve (Fig. 2).
It may be concluded on the basis of this study that the
three elements do not deviate strongly from a lognormal type of
distribution -and- especially in the basaltic or basic rocks.
Consequently, Ahrenst geochemical distribution law seems to
hold not only for a single rock type but also for a sampling of
allied rock types. Furthermore, this law may be applicable to
crustal rocks as a whole since the patterning of Pt and
especially Pd approach a lognormal distribution in the total
rock suite.
The PM distribution patterns for a strongly differ-
entiated suite (e.g. Bushveld rocks) do not deviate markedly
from those for a feebly differentiated suite of rocks (e.g.
115.
basaltic group). Variations between the two rock groups may
be related to intricacies of differentiation or to paucity
of sampling data.
Platinum arid palladium seem to have closer distri-
bution patterns than either of the platinoids compared with
gold. The characteristic tendency for Au to show a non-
symmetrical distribution in the rocks may be unique or it
may be a result of experimental error.
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GEOCHIEMICAL COE1RENCE OF PT, PD, AND AU
The following section is an examination of the geo-
chemical coherence or association, if any, of Pt, Pd, and Au
with particular reference to igneous rocks. Such a discussion
is somewhat theoretical and in places hypothetidal since only
a little information is as yet available on the properties of
these elements.
Since the individual patterning of Pt, Pd, and Au in
natural phases is directly related to other elements which
they may replace by proxy during fractionation, it is impossible
to treat the PM's as a discrete group. Consequently, it will
be seen that the discussion partially overlaps into a study
of other elements which might have a direct bearing on the
association of the PM's. In this way, not only will some
aspects of the geochemical coherence of the PM's become apparent
but, in addition, an insight on how these elements may be held
in the rock phases will be revealed,
A crystal chemical framework was chosen as the most
suitable on which to build such a discussion. The first part
of this section reviews some of the parameters which might
control the entry or rejection of PM's during crystallization
and the second part summarizes the results obtained from the
present investigation.
Application of Crystal Chemical Factors
The physico-chemical parameters controlling the
117.
behavior of trace elements in crystallization have been de-
veloped and summarized by Goldschmidt, e.g. (44), (47), (48),
(49), (99); reviewed by Rankama and Sahama (95); and recently
applied by Ahrens (7).
Goldschmidt showed that the trace elements within
minerals are related by similarity of their radii and charge
(or valence). He also showed that if their sizes corresponded,
then a difference in valence* from the host did not exclude
acceptance of a trace element providing the total charge in the
structure be balanced by concomitant replacements of other
ions elsewhere in the lattice. For partial replacement or
solid solution, the difference in radius should not exceed 20
to 30/ of the smaller radius value and for complete solid
solution, the difference should be 15% or less. At higher
temperatures, however, the tolerance for complete solid
solution was somewhat greater, increasing to about 30%.
Another consideration entering here was the structure of the
mineral since some lattices tolerated more substitution than
others.
It was also noted that replacement of the guest ion
for a host ion of equal valance of similar size could ensue
provided the difference in ionization potential (I) was small.
The difference in I value which could be tolerated was depen-
dent on the degree of polarizability or deformability of the
ionic partner.
* L.H. Ahrens (persohal communication) indicates that if the
valence difference is two or more, the chance of a permanent
substitution is small.
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Ionic Radii
The ionic radii (r) of the cations (6-fold coordina-
tion) have been.recently selected from previous data and
modified by Ahrens, and those considered here have been adopted
from his publication (4).
In Table 11-26 the ionic radii of the common Au and
Pd (or Pt) valence states have each been compared with some
cations which might be considered as likely host ions for the
PM's. The difference in radii (&r) between each pair has been
computed on the basis of the smaller r and each value has been
rounded off to the nearest digit.
Table 11-26. r and Lr-values of some likely host cations
as compared with the more stable precious
metal ions.
Au* 1.37 Au3 + 0.85
1.33 3 Ag2 + 0.89 5
Na+ 0.97 4 Ti3+ 0.76 12
Cu+ 0.96 4 Cu2+ 0.72 18
Ag+ 1.26 9
Pd2 +(Pt2+) 0.80 Pd4+(Pt 4+) 0.65
T13+ 0.76 5 Fe3+ 0.64 2
Fe2+ 0.74 8 Cr3+ 0.63 3
Cu2+ 0.72 10 0o3+ 0.63 3
Ni2+ 0.69 16 Ti4 4 0.68 5
Mg2+ 0.66 21
,&r(%J)r(A) r(A)
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From Table 11-26 it is seen that Pt and Pd should
follow each other if one or the other element were accepted
in a host structure since both have similar radii for their
two valence states. Gold on the other hand, would not be
expected to follow Pt or Pd during trace element distribution
because of its greater size (1.37 vs 0.80 A). This also is
apparent from a consideration of the most likely host ions
indicated for each of the PM's.
Gold, on the basis of similar r-values, might be
accepted in sodic or potassic minerals (feldspars) in lieu of
Na or K providing other crystal chemical factors were similar
(see below). The small A r-values for Au*:Ag* (9%) as well
as for Au3 +:Ag 2 + (5%) undoubtedly are governing factors in
the association of Au with Ag in many of the telluride
minerals*. Gold is only moderately associated with Cu although
the small Ar-value for Au*:Cu* (4%) would imply that replace-
ment of Cu by Au in sulphides might be unconstrained. In
this respect, Ahrens (7) has shown that the difference in
ionization potentials of the pair is more important here than
the similarity of radii, and consequently the two elements
are not strongly coherent.
On the basis of Goldschmidts' rule, the small
Ar-values for the platinoids and their partners indicate that
* Ionic radii here, are considered, with restrictions, to be
representative of "covalent radii", since free ions are
believed to have a transitory role during covalent bond
formation, see Ahrens (7).
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Pt and Pd might replace the listed host ions in such minerals
as chromite (Fe2+, Cr3+), magnetite (Fe2+,Fe 3 +), and ilmenite
(Fe2 +,Ti 4+) as well as in silicates and related minerals high
in F92+ and Ti3+. Furthermore, on the basis of the ionic
approach to covalency (see footnote), the small k r-values
also would indicate that Pt2+ and Pd2+ might replace Fe2+,
Cu2+, Ni2+, or Co2+ in sulphides, arsenidp-s, and antimonides
as reported, for example, by Schneiderhohn (97), (113).
Valence
Electronically, Pt and Pd are characterized by
having incomplete penultimate shells and by each element
exhibiting more than one stable valence state or charge in a
geological environment. Also Au has two stable valences and
it is distinguished by having one electron in the outer shell
(6s) and a complete 18 in the 0-shells. The electronic con-
figurations of the three elements are given in Table 11-27
and their valency states are listed in Table II-28.
Table 11-27. Electronic configurations of
Pt, Pd, and Au (103)
K L M N 0 P
1 2 3 4 5 6
4s 4p 4d 4f 5s 5p 5d 6s
Pd 46 2 8 18 2 6 10
Pt 78 2 8 18 2 6 10 14 2 6 9 2
Au 79 2 8 18 2 6 10 14 2 6 10 1
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Table II-28. Valences of Pt, Pd, and Au (35).
Pt 0 (1) 2 (3) 4 6
Fa 0 - 2 - 4 (6)
~Ir 0 1 (2) 3 - -
As shown, the valences in parentheses are unobtainable
in the presence of water and consequently these states would
not be stable under geological conditions. Whether or not the
wider range of valences for Pt (0, 2, 4, 6) as compared with
Pd (0, 2, 4) would have any direct effect on the geochemical
properties of the two elements is not known. Perhaps the
resulting crystallates themselves would be an important con-
sideration here on the basis of respective solubilities, etc.
In any event, Sidgwick (103) states that for each of their
common valency states Pt and Pd exhibit similar coordination
numbers and when bonded, for example with sulphur, are moderately
stable at least in a chemical environment.
Under ordinary melt conditions, in all probability,
the most stable and thus the most common valence is two, but,
because of the somewhat higher I for Pd2+ as compared with
Pt2+ (V 19.9 vs -'19.3 volts), Pd might be expected to have
fewer divalent cations in the melt than Pt.
The stable valences for Au are 0, 1, and 3. How-
ever, it is doubtful whether the trivalent state is attained in
igneous melts, but instead would probably be reached only under
the strong oxidation conditions characterizing a supergene
environment. In this respect, Sidgwick indicates that auric
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gold forms stable complexes and this undoubtedly is of some
importance in secondary gold migration. It is of interest
to note that Ahrens (7) has theoretically reviewed the stabil-
ity of the valence states for gold from the viewpoint of the
magnitude of the difference in I-value between its valency
states. He indicates that although gold forms monovalent
compounds, since the difference in I between the first and
second valency state as well as that between a second and
third, are small, the ionization of Au to the auric state is
immediate in an oxidizing environment.
Gold follows the entry of the deep-lying 4f-elec-
trons (lanthanide contraction) in the periodic series and as
a result, the monovalent ion has a relatively high I-value
(9.92 v). Consequently, aurous gold is reluctant to bond
with anions in the melt, and instead, crystallizes in the
native form. On the other hand, under favorable conditions
when it is able to react, it apparently forms a strong com-
plex (see below) which upon dilution may dissociate to allow
precipitation of free gold. Thus, the aurous form goes
readily over to the 0 valence state. Along this line the
solubility of Au has been investigated by Krauskopf (69) who
shows that Au is distributed under alkaline conditions (hydro-
thermal) as the stable complex anion AuS~. In the absence of
a suitable anion partner (e.g., STe), it is precipitated as
the metal.
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Ionization Potentials*
Although a definite relationship between I and the
geochemical properties of elements had been known (e.g. 50)
no detailed application had been attempted until recently by
Ahrens (7). Since Ahrens has discussed some of the geochemi-
cal aspects of I with respect to prediction of the behavior
of cations during fractionation, they will be reviewed here,
particularly those that are directly applicable to the PM's.
In a series of cations of similar size and valence,
it was noted that the cations of highest I-value show the
greatest tendency to be noble. In a univalent group (such
as Cs, Rb, K, Na, Li, Ti, Ag, Cu, Au), Au+ has the greatest
I value (9.22 v) and in a divalent group (such as Mg, Mn, Fe,
Ci, Zn, Ni, Pt, Pd), Pt2+ and Pd2* have extreme I-values ( 19.5).
Because of the very high I-values for the PM's, the outer valence
electrons are tightly bound and as a result these elements are
inactive and should tend to remain native. Under moderate (?)
reducing conditions then, Pt, Pd, and Au would be expected to
occur together as they do in naturally occurring metallic
phases like Pt-metal alloys (Table 1-2) or meteoric iron
(Table 11-22).
Furthermore, it was shown that cations may separate
from a silicate phase into a sulphide phase if the cation has a
greater degree of covalency as compared with its inclination
* The I-values used here are from Ahrens (4).
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to form ionic bonds. Whether or not similar-sized cations of
corresponding valence have the same degree of covalency seems
to be related to their I-values, since cations of higher I-
values have a greater leaning to bond with sulphur than the
cations of lower I. When I is very low, the cations separate
into the silicate phase.
When this consideration is applied to Pt and Pd,
the higher I-value for Pd2- as compared with Pt2+ (~-19.9 V vs
-19.3 v) would indicate theoretically that Pd2+ has a greater
inclination for covalency than does Pt2+. Whether the small
difference in I-values here would be significant is difficult
to say. However, it has been pointed out elsewhere (e.g.
p. 98) that Pd seems to have a greater disposition to be
chalcophillic than Pt and this may very well be a result of
its higher I-value. Some additional aspects along this line
are considered below.
Anion Affinity*
In a more detailed evaluation of the geochemical
association of pairs of elements the difference in I-value
between partners appears to be important. For comparing the
difference in I-value, between 2 replaceable elements, Ahrens
applies the ratio of their I-values to obtain an "anion
* "Anion affinity", as defined by Ahrens (7), is the force of
attraction that a free cation exerts on anions and it is
measured or indicated by the ionization potential of the
cation.
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affinity index" ($). It seems to hold that the closer this
index is to unity, the better the possibility of solid solu-
tion. He discusses several pairs of elements and related -
values and shows that those pairs with a low index value, for
example K:Rb ( & 1.04), have a higher degree of geochemical
coherence in nature than certain other pairs with high index
values, as for example Cu:Na ($ 1.50).
In such a manner, Aul+ (r = 1.37 A; I = 9.92 v)
A
and Kl+ (r = 1.33; I a 4.34 v) may be compared. Here even
A
though r-values are close (& r a 3%), the high i-value of 2.27
appears to preclude the possibility of Aul+ replacing Kl+, as
for example in potash-rich minerals.
Similarly, when I for Aul± is compared with that
for Nal+ (5.14 v), $ is found to be 1.93 which again would
signify slight, if any substitution of Nal+ by Au+1 during
crystallization.
The pair Aul+:Cul+, when compared show a $-value of
9.92/7.72 or 1.28 which is possibly low enough to indicate
that Ault could partially substitute for Cul+, as for example
in such a common sulphide as chalcocite (Cu23) as well as in
arsenides or tellurides of copper.
It also may be interesting to note and compare $-
values for elements of similar size and valence individually
paired with Pd2+ as done in Table 11-29.
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Table II-29. I r, j and tr-values for some
divalent cations paired with Pd.
Cu2+
Pd 2 +
Pd 2 +
Ni2 +
Pd2 +
Zn2 +
Pd 2 +
Co2+
Pd 2 +
Fe 2 +
Pd2.+
Mg2+
Pd2+
Pt2-+
20.3
I' 19.9
19.9
18.o2
19.9
17.9
19.9
17.4
19.9
16*2
19.9
15.0
19.9
- 19.3
Ar(fg)
1.02
1.09
11.1
16*0
r( W.
0.72
0.80
0.8
0.69
0.80
0.74
0.80
0.72
0.80
0.74
0.80
0.66
0. o
1.14 11- 1
1.23
1.33 21.3
1.03 (small)
In each pair of elements, the ion of greater anion
affinity (I-value) has been arbitrarily made the numerator in
computing the re3pective $-value. The percent difference in
radius (A r) between each pair of cations also is given.
By inspection, from the proximity of the -values to
unity and from the low A r's it might be anticipated that Pd
1 11
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(and Pt) could theoretically replace all of the cation partners
noted with perhaps the exception of Mg2+, since $ (1.33) and
&r (21.3%) for Pd:Mg are both high.
Furthermore, and this is important, the very small $
for Pt:Pd as well as the identical (?) radii for the pair not
only indicate that one of the elements may freely substitute
for the other in individual minerals as for example Pd2 +. for
Pt2+ in cooperite (PtS), but also that the two elements might
be accepted in favorable structures with the same ease.
Nevertheless, the difference in I-values for the two elements,
as noted above, may affect the degree of association of the two
elements during fractionation and consequently disturb their
individual distribution patterns in rock phases.
Field
Ahrens (7) has formulated a migration "rule" based
on I and r which is useful in predicting the association of
cations in crystallates during fractionation. It states that
when cations of the same valence and similar radii compete for
a structural site in a growing crystal, the cation with
greater electrostatic attraction or field (F), will arrive
first, and if it is able to fulfil the bond requirements with
the anion (see below), it will probably be accepted first.
From this it is seen that, with other things being equal,
those cations with similar F might be expected together in a
crystal.
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The Fvalue for an element is obtained from the re-
lationship I/r (v/A). In Tables 11-30 and 11-31, I, r, and
F-values are listed in order of decreasing F for divalent
cations similar in size to Pt and Pd and for univalent cations
similar in size to Au.
Table 11-30. 1, r, and F-values for some medium-
sized divalent cations (7).
I r F Arrival
Cu2 +
Ni 2 +
Pd 2 +
Zn2+
Pt2+
002+
Mg2+
Fe 2 +
20.3
18.2
19.9
17.9
19.3
17.4
15.0
16.2
15.6
0.72
0.69
0.80
0.74
0 *
0.72
0.66
0.74
0.80
28.2
26.4
25.0
24.4
24.2
24.2
22.8
22.0
19.5
Early
Late
Table 11-31.
I
Aul+
Agl*
7 1+
9.2
7.57
6.10
I, r, and F-values for
some univalent ions.
F
1*37
1.26
1.47
6.7
Arrival
Early
6.00
4.15
4.34 1.33 3.25
F Arr val
Late
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According to this rule, the cations with higher F-
values like Cu2+ and Pd2+ of Table 11-30 would migrate more
rapidly toward a crystal site than say Mn2+ which has a much
lower F-value. Similarly, from Table 11-31, Aul.+ would be
expected to approach a crystal site more rapidly than, say,
Kl+. However, whether or not these early ions are accepted
as permanent occupant of respective sites would depend not
only on such crystal chemical factors as r and % (see above)
but also on the bonding properties of the guest ions with
respect to their anion partners.
Bonding
Silicates
During silicate growth it is generally believed that
the noble metals are not accepted in lieu of a host ion because
of their inability to form stable cation-O bonds. Ahrens (7)
has explained this consideration nicely on the basis of the
extremely high I-values for the PM's. He discusses Au, for
example, and implies that because of its high I-value (9.2 v)
it is capable of polarizing or deforming 02- to such an extent
that the Au-0 bond is too weak to hold the cation in such a
silicate as potash feldspar. Consequently, Au* is probably
rejected from the silicate site in favor of K * or Tl1 + which
form stable bonds. This consideration may also be applied to
Pt2+ or Pd2 +'which might be in competition with say Fe2+ or Mg25
for octahedral sites in early crystallates.
130.
In a further review of the bonding of PM's with
oxygen, Ahrens also discusses the relationship of I-value to
the deformation of oxide structures. For example, he theorizes
that because of the strong polarizing power of Pd2+ or Pt2+,
as indicated by their extreme I-values (~-19.5 v), the oxides
of these elements are distorted into coplanar (square) struc-
tures. With such a bond disposition, the usual cation/anion
ratio required for an essentially ionic structure is not
fulfilled and consequently Pt2+ and Pd2 + would tend to be re-
jected from silicate sites.
These bonding properties, coupled with the previous
consideration on $-values (see above), indicate very strongly,
at least for Au1+, that the PM's would not be freely accepted
in the silicate fractions but instead would crystallize in the
native form or separate into the sulphide phase (see below).
Nevertheless, though the tendency for the PM's to be
accepted in silicate sites appears low, some noble metal ions
are undoubtedly captured during the rapid in-fall of host ions,
and the amount of capture here would, in all probability, be
a direct function of the concentration of Pt2+ and Pd 2 OF or
Ault in the melt. This random capturing would account for
some of the PM showings in the silicate fractions.
It is interesting to note that, in the Bushveld rocks,
a higher content of Pt and Pd was found in the pyroxenite
(high Fe) fractions as compared with the olivine-bearing
harfzburgites and dunites (high Mg). A difference in platinoid
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values in the same direction was also reported by Schneiderhohn
and Moritz (97) who found (but did not stress) that Pt and Pd
were rejected from early olivine in favor of pyroxene and
amphibole (Table II-11 and 17). Similarly, Leutwein (71)
reported lower Pt and Pd values in Mg-rich rocks compared with
Fe-rich rocks.
If there is some replacement of host ions in silicate
structures, and it is very likely that there is some, the
favorability for Fe-rich rocks over Mg-rich rocks suggests
substitution by proxy for Fe2+ rather than for Mg2+. This
would tie in with the more favorable A r and -values for
Pd:Fe (or Pt:Fe) as compared with Pd:Mg. An additional con-
sideration here is that the olivine structure (independent
tetrahedra) itself may be less susceptible to accepting PM
guest ions than the more loosely packed pyribole structures
(chains of tetrahedra).
Oxides
During the crystallization of oxides such as chro-
mite, magnetite, or ilmenite (and rutile ?), Pd and especially
Pt may be selectively concentrated either as native metals
intergrown with the oxide as was reported by Schneiderhohn and
Moritz (97) or possibly as guest ions (ag. Pt2+, pt4+) which
have replaced Fe2+, Fe3*, Cr3+, or Ti4+ in the spinel structures.
The actual mechanism of collecting metallic Pt and Pd
as well as Au is difficult to comprehend unless the PM's either
crystallized simultaneously with the oxide and were fortui-
tously incorporated during nucleation and growth or, and this
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seems more likely at least for the platinoids, the PM's were
in competition for sites at the growing crystal face. The
ability for the PM's to exert their strong siderophillic
nature even in the absence of a true metal phase may be im-
portant here for Au as well as Pt and Pd. The strong affinity
for a pseudo-metallic phase might account for native Pt and
Pd occurring on the surface of the chromite crystals (97).
The possibility of platinoid cations replacing Fe21
and/or Cr3+ in spinels has been briefly considered by Gold-
schmidt on the basis of his earlier work (45) as well as on
some unpublished data obtained by his co-workers (50, p. 690).
Whether or not the platinoids actually substitute for cations
in the spinel structure is difficult to prove conclusively.
The sizes of divalent and quadrivalent Pt and Pd are favorable
for replacement in all the spinels (Table 11-26) but the in-
clination for Pt and Pd to distort their metal-O bonds to a
square coplanar disposition would, in any event, preclude un-
limited replacement on their part. At high temperatures there
may be limited solubility, and with cooling the platinoids
might exsolve as tiny occluded native metal fragments. This
process of acceptance and then rejection may account for the
prevalence of Pt and Pd metals in the oxides.
It was reported by O'Neill and Gunning (90) on the
basis of Poitevin's chemical investigation of ultramafic rocks
and chromite, that Fe-rich platiniferous peridotites (e.g.
Urals) contained Fe-rich chromite whereas non-platiniferous
peridotites (e.g. Quebec) were relatively low in Fe and con-
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tained Fe-poor chromite, inferring that Pt tends to occur
selectively with chromite rich in Fe. This may be a direct
result of Pt (and Pd) replacing Fe.* The tendency for Pd
and especially Pt to occur in the chrome-rich hortonolite
dunite (Fe-rich) of the pipe deposits in Transvaal rather
than the chrome-bearing olivine dunite (Fe-poor) may tie in
with this (Table 11-15).
In any event, it may be noted, and this is the view
upheld by Goldschmidt (50, p. 690), that practically all of
the Pt and Pd (and probably Au) values in chromitiferous rocks
(peridotites, etc.) are retained in the oxide. This observa-
tion was certainly verified by the work done here on many of
the Bushveld rocks; see for example Table II-18.
Furthermore, this research also has shown that Pt
is invariably enriched with respect to Pd in chrome-bearing
rocks and consequently the degree of coherence of the two
elements would be affected by the relative amount of oxide
or, as we shall see, sulphide present. This greater tendency
for Pt to enrich in the oxide phase, is apparently a result
of its greater siderophillic tendency as was noted on p. 98.
Sulphides
When Pt and Pd are in competition with other "similar"
cations (e.g. Fe or Cu) for a sulphidic crystal site, Ahrens'
migration rule seems to hold since Pt and Pd are usually well
* The Quebec peridotites (primary ? type) might be expected to
have a lower Pt, Pd content as compared with the Ural perido-
tites (secondary ? type) on the basis of this research on
peridotites (p. 71, etc.).
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enriched in early magmatic sulphides like pyrite and pyrrho-
tite (97), (58). Here Pt and especially Pd are able to form
covalent bonds and be accepted in sulphides much more readily
than they are able to form weak ionic bonds and, somewhat
questionably, be accepted in silicates. This was verified in
the work on meteorites (p. 98) as well as by the research con-
ducted by Schneiderhohn and Moritz (see Table I1-11).
As noted by Ahrens (7), S2- is not only larger than
02- (1.85 A vs 1.40 A) but S2- is also much more readily polar-
ized and these properties may account for the greater ease of
Pt and Pd bonding with the sulphur rather than the oxygen
anion. Because of this selectivity in bonding, Pt2+ and Pd2+
would tend to separate from the silicate phase in the presence
of 82-
It has already been mentioned that Pd seems to have
a greater tendency for covalent bonding than Pt and that this
stronger affinity for a sulphide phase on the part of Pd may
be related to its higher I-value (19.9 V vs~19.3 v). Conse-
quently, if a sulphide phase were separating out during frac-
tionation, Pd would tend to be enriched relative to Pt, and
if the sulphide phase were more prevalent in one crystallate
than in another, then there would be some divergence in the
geochemical coherence of the two elements. This type of reason-
ing has also been noted for chromite (see above).
Gold also forms covalent bonds, but it differs from
the platinoids in that it does not readily bond with sulphur
to form discrete sulphide minerals. Furthermore, it does not
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seem to substitute for host ions in common sulphides because
it is usually found occluded as native metal blebs. It should
be mentioned, however, that at high temperatures Aul+ may very
well hold a Cu. -site in the common sulphide chalcocite (hypo-
gene). This was indicated above on the basis of the similarity
of r and I for Au1 4:Cu1 e. With cooling, the gold may exsolve
as the metal. Why gold bonds with Te and not with 8 may be a
result of the Te having more metallic properties (50).
Although Au often is strongly enriched in such min-
erals as pyrite and arsenopyrite it is also dispersed in small
amounts in both magmatic as well as hydrothermal sulphides
(97), (58), (59). Consequently, the amount of ubiquitous
sulphide present in a rock (84) would probably effect the trace
gold content of the rock. In the absence of sulphides, Au
would probably be present as tiny native fragments or as atoms
finely dispersed in silicates or oxides.
Metals
The PM's are readily alloyable in the native state
either with one another (Table 1-2) or with other metals like
Fe or Cu, see for example Barrett (16). This ability to replace
atoms in metals is a result of their extreme tendency to bond
metallically and be accepted within the host structure of these
elements which have an atomic radius very similar to that of the
PM's. For a further discussion on metallic bonding see for
example Hume-Rothery (64).
All that need be mentioned here is that if a metal
phase were present in the rock, most of the PM's would be con-
centrated therein.
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Coherence of Pt. Pd, and Au in the Rock Suite
To show any possible geochemical coherence or associa-
tion between Pt and Pd or between Au and either Pt or Pd in the
rock suite investigated, it was necessary to determine whether
or not any fixed relationship exists among the concentration
changes for the three elements. In other words it was necessary
to find out what would happen to say Pd or Au as the Pt value
changed, or correspondingly what might happen to Pt and Pd as
the Au value fluctuates.It may be recalled that in the section
dealing with the abundances of the PM's for the various rock
types studied, reference was made to some specimens from
similar rock types which do show that a change in value of
one of the PM's quite frequently reflected a change in value
in another of the elements. Here we are considering the entire
suite of specimens primarily as a group rather than as indi-
vidual cases.
It was found that two general methods could be
utilized for bringing out geochemical trends. The first method
is simply to plot the corresponding values for each of the
pairs Pt:Pd, Pt:Au, and Pd:Au, and to check the distribution
pattern of the plotted points for any apparent relationship
between the partners of each pair. This has been done in
Fig. 3 (Pt:Pd), 4 (Pt:Au), and in 5 (Pd:Au).
These three diagrams are straightforward and self-
explanatory. It will be seen that each of the patterns for
Pt:Au, and Pd:Au, in general, have some regularity in that
Au follows Pt or Pd in the higher concentration ranges.
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That is, when Pd or Pt sharply increases, Au also increases
but not as markedly. It is also noteworthy that the patterns
for the two pairs of elements are similar in that the rela-
tionships between Pt or Pd and Au are non-linear. If an
averaged curve was drawn for each of the patterns, the con-
figuration of such a curve would be an arc tending to have
asymptotic (?) limits.
The patterning of the points for Pt:Pd, surprisingly
enough, is also somewhat irregular but here, however, there is
some indication of a broad linear relationship between Pt and
Pd. As interpreted by the writer, and as shown in Fig. 3,
the overall relationship of Pt:Pd for the rock suite is about
0.80. This Pt:Pd value of 0.80 is somewhat higher than 0.67
which was derived for the igneous rocks (p. 91). The two
ratio values, however, would not be expected to coincide be-
cause the value of 0.67, it will be recalled, was computed on
a weighted average of 2 parts granite to 1 part basalt.
The second method of bringing out the relationships
of the three elements is to plot arbitrarily the concentration
values of one element in order of increasing amount, and to
compare this fixed trend with the trends resulting from the
plotting of the corresponding concentration values of the
remaining two elements. This procedure has been followed in
Fig. 6, 7, and 8.
In Fig. 6, the samples have been plotted in order of
increasing Au concentration along the abcissa scale (linear)
and their corresponding concentration values in ppb for the
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PM's against the ordinate scale (logarithmic). In a similar
manner Fig. 7 and 8 show fixed trends for Pt and Pd respec-
tively. In each diagram sample numbers are noted and, for
quick reference, the Bushveld specimens are distinguished from
other rocks by a line graph.
From an examination of the three diagrams it is
evident that for the majority of the specimens analysed, Pt
and Pd show fairly good or moderate coherence. Palladium
follows platinum quite closely and this is best seen in Fig. 6
where the peaks and troughs representing the Pt and Pd con-
centration values more or less coincide for the same samples.
Thus, when the Pt content of a sample is relatively high, Pd
is usually high although it may be higher or lower than the
Pt value depending on the relative degree of enrichment of
the two elements. However, this does not hold for all examples
since Pt and Pd do show some divergence (check specimens 122,
16, and 108). Furthermore, it is seen from Fig. 6 that Pt and
Pd, although fluctuating in detail, tend to increase together.
These two observations tie in with the Pt:Pd pattern shown in
Fig. 3.
Thus, it may be concluded that with a few exceptions,
Pt and Pd tend to follow one another and at the same time trend
together. It should be mentioned, however, that the association
of the two elements is not as consistent as might be expected
from the close similarity of their crystal chemical parameters -
valence, size, and ionization potential (see below).
It is also apparent from Fig. 3, 4, and 5 that the
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Pt:Pd relationship has much more coherence than either Pt:Au
or Pd:Au. Gold, as was indicated previously (11-26), would
not be expected to follow Pt or Pd because of its differing
crystal chemical factors and in particular its size (1.37 A vs
0.80 A).
Of the three elements, gold seems to be more evenly
dispersed throughout the rock suite as indicated by the shallow-
er slope of its trend line in Fig. 6 as compared with that for
Pt in Fig. 7 or Pd in Fig. 8. Furthermore, and this also is
indicated by Fig. 4 and 5, Au does not follow Pt or Pd from
sample to sample as closely as does Pt for Pd. Nevertheless,
some of the samples (see Fig. 7 and 8) show an increase in Au
as Pt or Pd increases.
The ability of Au to enrich along with Pt or Pd may
be related to the sulphide or oxide content of the rocks. It
will be remembered that Pt has a greater tendency to enrich
relative to Pd in the chromitiferous rocks whereas Pd seems to
be able to enrich relative to Pt much more readily in the
sulphide phase. Gold is about equally enriched in both phases.
In addition, Pt and Pd are accepted more readily in the early
silicate fractions like pyroxenite or olivine dunite whereas
Au is not. Such factors would partially offset strong geo-
chemical coherence between the platinoids and gold.
It is noteworthy that even though Pt:Au and Pd:Au
are not as strongly coherent as Pt:Pd there is a slight but
distinct tendency for Pt and Pd to increase as Au increases
when the Au value exceeds 100 ppb (Fig. 6). This might be
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likened to a second degree of coherence between one of the
platinoids and Au in contrast to a first degree of coherence
between Pt and Pd.
As indicated, Au does follow Pt as well as Pd in some
of the specimens but to actually state whether Pt:Au is a more
coherent pair than Pd:Au is difficult. There is some suggestion
that Au follows Pt (Fig. 8) a little more closely than it does
Pd (Fig. 7) although this trend may not be real. However,
since Pt tends to enrich relative to Pd in chromite and because
the oxide is widely dispersed in many of the rocks studied
(e.g. Bushveld ultramafics), Au might be expected to follow
Pt a little more closely than it would Pd. Furthermore, the
similarity of the electronic structures of Au and Pt would
point to a greater degree of coherence for the pair, Pt:Au.
In any event the geochemical difference between these two
pairs of elements would be small (see Fig. 4 and 5), because
the physico-chemical properties for Pt and Pd are so very much
alike.
Summary and Conclusions
From the preceding discussion it must be appreciated
that whether or not the PM's are accepted in a crystallate is
dependent on the role of such crystal chemical parameters as
size, charge, ionization potential, availability of sites,
etc., interplaying, as they must, with such physical-chemical
factors as temperature, pressure, and concentration.
It was seen that with the possible exception of Pd2+
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and Pt2+ replacing Fe2+ in ferromagnesian minerals, there
should be little tendency for the PM's to be readily accepted
in silicates. This was accounted for by the extreme I-values
for each of the more common PM cations which indicate that
the PM's are inclined to be inactive because of their inability
to form stable ionic bonds.
During the crystallization of metallic oxides such as
chromite, the PM's are collected because of their strong sidero-
phillic tendency and here, to a large extent, the PM's are held
as metals. However, because of the similarity of Pt 2 + and Pd 2 +
or Pt4+ and Pd4+, respectively, there may be limited solubility
on the part of the platinoids in oxides. Perhaps with slow
cooling much of the Pt and Pd exsolve to the native state.
The amount of Fe2+ present in chromite may govern
the degree of substitution since, for example, the chrome-
bearing, iron-rich rocks (hortonolite dunite, etc.) are better
host rocks for Pd and especially Pt than chrome-bearing, magnesium-
rich rocks (olivine dunite, etc.). Rocks rich in chromite seem
to be enriched in Pt relative to Pd because of the stronger
siderophillic tendency on the part of Pt. Gold also is en-
riched in chromite and since it is unlikely that Au1+ or Aul*
bond with oxygen in place of Fe2* or Cr3+, the gold is either
present as minute specks of metal, possibly along grain boun-
daries (?), or as dispersed atoms within the spinel packing.
The sulphide phase which is commonly present in most
rock types (84) would be expected to contain Pt2+ and Pd4*
since the similarity of their crystal chemical factors to
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Fe2+ and Cu2+ as well as the moderate tendency on the part of
Pt and Pd to form covalent bonds are favorable for solid solu-
tion in this phase. Palladium, however, seems to have a greater
sulphophillic tendency than Pt and it therefore may be enriched
to a greater degree in sulphides.
Gold is readily collected by the sulphide phase, and
consequently would be present therein.
If a native metal phase like copper or iron were
present in a rock, the extreme tendency on the part of the PM's
to form metallic bonds would be exerted and the PM's would be
strongly enriched in this phase.
From the similarity of their crystal-chemical factors
Pt and Pd should show a marked geochemical coherence during
fractionation with the degree of association between the two
being governed by the prevalence of sulphide or oxide present
in the melt.
Gold would not be expected to follow Pt or Pd markedly
unless a sulphide or oxide phase were present since Pt and Pd
are enriched in the ultramafic rocks and Au is not. If gold
were to be accepted in silicates, and this undoubtedly would
be a small tendency on its part, it would replace such ions as
Na or K which tend to enrich in the acidic rock types.
Therefore, the geochemical association of Pt and Pd
should be more distinct than either Pt:Au or Pd:Au as the rock
suite as a whole was predominantly a basic one. However, since
the suite contained many rock specimens relatively rich in
chromite (Bushveld group) and possibly sulphide, there should
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be some association of gold with the platinoids. This, in
general, was found to be true after the interrelationships
of the three elements were examined diagrammatically. The
coherence of the pairs, Pt:Pd, Pt:Au, and Pd:Au, was evalu-
ated on the basis of respective concentration values and it
was found from the distribution plots for the three pairs as
well as from an examination of trends that:
1. Pt:Pd had an almost linear relationship (0.80);
2. Pt:Au and Pd:Au had similar complex relationships;
3. Pt closely fluctuated with Pd in many samples
and also followed Pd in the same direction; and
4. Au fluctuated with both Pt and Pd in some samples
but only followed Pt and Pd trend-wise in the
higher concentration ranges.
It must be concluded then that in general the original
premises were shown to be true, namely that Pt:Pd had a somewhat
greater geochemical coherence than either Pt:Au or Pd:Au. This
also confirms the results of the statistical evaluation of the
distribution characteristics of the three elements since Pt
and Pd have closer distribution patterns than either of the
platinoids with Au (Table 11-25).
Why Pt and Pd showed only moderate coherence in the
suite can only be answered after further investigations are made
along this line. Perhaps Pt and Pd are not as coherent in
igneous rocks as they are expected to be.
Apart from the rather arbitrary method of correcting
150.
for PM losses incurred during fire assaying which in itself
may have distorted somewhat the true geochemical picture of
the three elements there is another consideration that might
be mentioned. Many of the rocks analysed were relatively
undifferentiated, as for example the basalts and diabases, and
these samples might be expected to have a primary metal con-
tent of Pt, Pd (and Au) which would vary depending on their
origin. Consequently, we are including fractionated rocks with
non-fractionated rocks and this might have some effect on the
general relationship of Pt, Pd, and Au in the rock suite in-
vestigated. Furthermore, the rock suite was comprised of
only a relatively few intermediate and salic rocks and con-
sequently an evaluation of the relation of the platinoids
with Au in this more acidic range was not possible. It may
very well be that the geochemical association, at least for
the platinoids with Au, differs for various rock families, and
in this study only the coherence of the elements in the more
basic-rock family was investigated. This is undoubtedly one
reason why Au shows some coherence with the platinoids. The
mild coherence of Au and Pt was almost ensured since many of
the rock specimens were high in chromite and less so in sul-
phide. Probably then, if a wider distribution of rock types
was studied, the lack of geochemical coherence between the
platinoids and gold would become more evident.
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THE DIFFERENTIATION TRENDS OF PT, PD, AND AU
AS INDICATED BY THE DISTRIBUTION OF VALUES
IN ROCKS OF THE BUSHVELD COMPLEX
Less than half of the rock specimens investigated
were collected from the Bushveld igneous complex, South
Africa (52) and (75). The majority of the specimens were
sampled throughout the basic or noritic section of the lopo-
lith and a few were collected from the salic and intermediate
intrusions within the central portion of the complex. It must
be stressed that these specimens, although typical of many of
the rock types present in the complex, can not be regarded as
being truly representative of all the various rock types that
comprise such an igneous assemblage as the Bushveld which
covers thousands of square miles. This consideration together
with the difficulty of accurately locating the specimens (see
Appendix) was recognized and used as a criterion upon which
the discussion of the differentiation trends of the PMts was
scaled. The complexity of the scheme of differentiation that
the Bushveld magma undoubtedly underwent also necessitated a
broad rather than a detailed approach to the problem. Conse-
quently, the study set forth below is fairly extensive and
subject to modification by further more detailed investigations
which will undoubtedly be forthcoming.
General
Petrographically, the complex consists essentially
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of a lower mafic lopolith together with several related but
less prominent upper salic and basic phases which apparently
preceded and followed the intrusion of the basic magma. One
of the early salic components, the Rooiberg felsites were
extruded during the period of volcanic activity which ante-
dated the emplacement of the Bushveld lopolith. This magma
is believed to have chill-cooled near the surface as felsite
and to have slowly crystallized into granophyre at depth.
Each of the two specimens (No. 1 and 3) from the felsite and
the granophyre gave negative Pt ( <3 ppb) and Pd (<3 ppb)
values although the gold content for the felsite (113 ppm) was
the highest of the 7 acidic rocks analysed (Table II-1).
Later, as the basic parent magma was intruded, the
unstable sedimentary floor (Pretoria series) subsided, and the
magma filled the basin to engulf some of the granophyre and
to leave the Rooiberg felsite (and sediments) for its roof.
After, and probably during emplacement, the basic magma under-
went complex fractionation to produce the spectacularly sheeted
lopolith seen today. This noritic part of the complex out-
crops as an oval-shaped centrally-dipping lopolith covering
about 20,000 sq miles and attains a thickness of 5 miles in
pLaces.
By a predominantly gravitative process of differen-
tiation in situ, possibly interplaying with multiple injections
from intra-tellurically fractionated and re-fused crystallates,
the homogeneous Bushveld magma was split up into a series of
concordant sheeted zones, each of which is identifiable by
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characteristic lithology. Broadly speaking, it is believed
that during differentiation, Bowen's concepts were upheld in
that the high-temperature minerals (e.g. olivine, bronsite,
etc.) of high specific gravity crystallized early and then
settled into the lower sections to leave an overlying resi-
dual magma of norite-gabbro (20). To substantiate this, the
specific gravity of the rocks tend to more or less increase
towards the base of the intrusion.
By careful mapping, Hall was able to section the
lopolith stratigraphically into major zones which, according
to him, largely exemplified the degree of differentiation
which each section of the lopolith had undergone (52, p. 273).
The major zones from a type section across the lopolith in
Eastern Transvaal are summarized below after Hall,(52, p. 271)
Zone
5. Up
4. Main
3. Critical
2. Transition
1. Chill-Basal
A. "Contact"
Lithology
bronzite-norite, syenites,
etc.
bronzite-norite & gabbro
with upper anorthosite
and Ti-magnetite bands
bronzite-norite, diallage-
norite, bronzitite, dun-
ite, chromite, anorthosite,
etc., serpentine; Pt-
deposits
bronzite-norite, bronzi-
tite bands
bronzite-norite, gabbro
migmatites, metamorphics
Thickness
to 800f
to 10,000
to 5,000
to 2,000
to 400
to 18,200
narrow
Degree of
Differen-
tiation
weak
weak
extreme
strong
feeble
(contamina-
tion)
.
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As an end stage of cooling it is believed that a con-
siderable amount of silic~ious rock was developed by differen-
tiation and/or assimilation to form the intermediate and acidic
rock types that intrude or merge with the earlier phases. One
of the intermediate intrusive rocks (Upper zone), the Taute-
shoogte (?) diorite, contains relatively low Pt (25 ppb) and
Pd (31 ppb) values but a high Au content of 180 ppb (No. 7,
Table II-11)*. Granite of this stage (No. 5, 6) which was likely
a differentiate from the original magma and which may have been
emplaced by filter pressing (108, p. 238), is unique in showing
6-11 ppb Pt or Pd (Table II-1). It should also be noted that
Pd exceeds Pt in the granite (Pt/Pd =-"'0.6).
Finally, the complex was locally perforated by stock-
like intrusions of alkali-rich magma, which, together with
fennitized host rock (e.g. granite) formed the unique alkali
assemblages such as the one at Spitzkop Spruit (No. 35, Table
II-1). It is noteworthy that5 ater salic phases (No. 5, 6, 35)
gave evaluatable amounts of PM's (Pt 0^~,7 ppb, Pd =--10 ppb)
indicating that as these igneous bodies were intruded they may
have been contaminated from4 assimilation of platiniferous rocks
(norite, etc.) of the lopolith. The values in the granite, of
course, also may be residual traces from the differentiated
primary melt (see below).
Precious Metals in the Bushveld Primary Magma
The noritic or lower section of the Complex consists
Thisdorite may be a transitional rock formed, for example, by
assimilation of granophyre by the diabasic magma and subse-
quently injected.
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of a multi-phase rock assemblage which was derived initially
from a basic magma. The primary magma is believed to have
been diabasic in composition (see footnote on p. 46 ) and re-
sembling somewhat the chill-phase gabbro as represented by
specimen 64 (Table II-8), which it will be recalled is unique
from the other gabbros (and norites) in having a relatively
high content of Pt (42 ppb) and Pd (91 ppb). Furthermore, this
chill-phase gabbro is distinct in that it shows a Pt/Pd value
less than unity (0.46). In this way it also differs from the
Bushveld norites which in all cases are more enriched in Pt
relative to Pd and thus have Pt/Pd values greater than unity
(Table 11-9). As it was mentioned on p. 46 , there undoubtedly
has been some contamination of the chill-phase gabbro, yet
even so, it would seem that the original Pt/Pd value could
not have been greatly different from that determined for this
rock (0.46). It is noteworthy that the distinctively low
Pt/Pd value for the chill-phase gabbro as well as its PM values
correspond to some of the values for the plateau basalts listed
in Table 11-3. In this way, for example, the Deccan traps and
the Karroo basalt are similar to the chill-phase gabbro of the
lopolith.
Furthermore, the mean PM values listed for the diabase
group in Table 11-6 correspond very closely in magnitude to
those of the chill-phase gabbro and, in addition, show a low
Pt/Pd value of 0.40. When the individual diabase samples are
studied, however, it is seen that their respective PM values
are highly irregular and it is difficult to choose a representa-
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tive from the group which might correspond in PM content to the
Bushveld magma. Perhaps the most suitable specimen in the group
is the Logan rock (No. 36). It, however, is relatively low in
Pd (19 ppb), Pt (15 ppb), and exhibits a low Pt/Pd value of
0.76. It is of interest to note the olivine-rich oceanic type
magmas of Table 11-4, which in general are characterized by a
higher than unity Pt/Pd value, do not correspond and probably
would not represent the Bushveld magma.
From the above discussion it may be inferred that the
primary basic magma of the Bushveld complex was not overly
rich in PM content and not unique in this way from other basic
magmas. On the basis of the values for the chill-phase gabbro,
and assuming some dilution from contamination, the initial con-
tent of Pt, Pd, and Au should be slightly greater than 42, 91,
and 91 ppb, respectively. Also it is believed that the Pt/Pd
value was less than unity (--0.5) before strong differentiation
ensued. In these two respects, the primary magma of the Bushveld
would probably have resembled an average plateau basalt magma
or an average diabase magma.
Selective Behavior of Pt, Pd, and Au in Bushveld Rocks
In order to facilitate the interpretation of the dif-
ferentiation trends of the PM's in the Bushveld rock fractions,
the abundances of PM's for the Bushveld suite have been com-
piled and summarized in Table 11-32. The results are mean
values as obtained from averaging the individual Pt, Pd, and
Au values from each rock sample analysed. The chill-phase
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gabbro has been kept separate from the gabbro group. For con-
venience the rock types are listed in order of decreasing Pt
and the number of sample results on which each mean is based
is given in parentheses.
Table 11-32. Summary of mean PM content (ppb) and
ratio values for Bushveld rock types
listed in order of decreasing Pt value.
Pt Pd Au Pt/Pd Pt/Au KUL
Hortonolite dunite (3) 5240 228 185 23- 28 29
Diallage pegmatite (2) 1315 475 189 2.77 7 9.5
Anorthosite (2) 76 32 60 2.4 1.3 1.8
Pyroxenite (7) 48 59 63 0.82 0.76 1.70
Chill-phase gabbro (1) 42 91 91 0.46 0.46 1.50
Olivine dunite (2) 42 34 55 1.24 0.77 1.38
Norite (7) 38 15 62 2.5 0.61 0.86
Diorite (1) 25 31 180 0.81 0.28 0.63
Harsburgite (2) 17 12 67 1.4 0.26 0.43
Gabbro (3) 14 10 86 1.4 0.16 0.28
Granite, ijolite (3) 7 10 84 0.7 0.08 0.20
Migmatic-norite (1) 6 3 5 2 1.2 1.8
Granophyre, felsite (2) 3 <3 100 )l.0? -.03? .06?
In addition, the results from Table 11-32 have been
plotted on a variation diagram (Fig. 9) which shows graphically
the enrichment trends of Pt, Pd, and Au with respect to the
silica content of the rock type analysed. The mean values for
Pt, Pd, and Au (as well as for percent FeO, MgO, and CaO*) are
plotted on the ordinate (log scale) as against percent silica
on the abcissa (linear scale).
From Table 11-32 (and Fig. 9), it is seen that the
highest PM values occur in the hortonolite dunite (pipes) and
* From Hall (52, p. 349).
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the diallage pegmatite (Merensky Reef) and this is what would
be expected since these rocks were collected from platinifer-
ous showings. Geochemically, however, it is of interest to
note that the oxide-bearing hortonolite dunite, which may be
an early magmatic fraction, is strongly enriched in Pt with
respect to Pd (Pt:Pd = 23). On the other hand, the sulphidic
pegmatite norite was much less enriched in Pt (Pt:Pd = 3).
The fact that Pd can exceed Pt in some of the Merensky Reef
ores from the Rustenburg district has already been demonstrated
(113) so a low Pt:Pd value for the sulphidic rock is not sur-
prising. From this it follows that Pd can be enriched with
respect to Pt at least in a sulphidic phase. Thus during
differentiation much of the Pt (plus minor Pd, etc.) was
concentrated in the hortonolite phase where it eventually
crystallized in the metallic form. The tendency for Pt to be
more noble here (i.e., siderophillic) than Pd together with
its higher melting point (1773.50 C vs 15540 C) would account
for a concentration of this metal with the hortonolite and
chromite phases.
Palladium, on the other hand, having a stronger
tendency for covalent bond formation, was largely separated
from the early oxide-hortonolite phase and was retained by the
sulphidic residuum which with successive differentiation be-
came increasingly concentrated to finally precipitate as the
sulphide. Pt, nevertheless, has some affinity for S and it,
therefore, was to some extent concentrated also in the sul-
phidic diallage pegmatite along with Pd.
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The mean gold content for both the diallage pegma-
tite and the hortonolite dunite (about 187 ppb) is greater than
the mean gold values for the other rocks of the lopolith, indi-
cating that Au was enriched in both the oxide-hortonolite phase
and in the sulphides of the pegmatite rocks. From the earlier
study of the distribution of PM's in the meteorite phases it
is apparent that Au is geochemically closer to Pd in that both
of these elements are less enriched in the Fe phase of meteor-
ites as compared with Pt (p. 98 ). Consequently Au might be
expected to follow Pd into the fIerensky Reef ores. This was
not proved from the results of this investigation. However,
Schneiderhohn and Moritz (97) reported that the oxide (princi-
pally chromite) portion from Mooihoek hortonolite dunite con-
tained from 0.5 to 5.0 ppm Au, whereas some of the richer
sulphides (nickeliferous pyrite, etc.) from Klipfontein-
Krondal contained 5-10 ppm Au. This is an indication that
Au was more enriched in the sulphide phase of the Critical
zone and at the same time, in the absence of a true metal
collecting phase like Fe, could be enriched to some extent
with the oxides instead of being robbed completely by the sul-
phide phase. It is important to note here that Au is apparently
native both in the hortonolite dunite and the sulphides, and
in this way differs from Pt and Pd which apparently form dis-
crete covalent minerals as well as substituting for Fe, Ni, and
possibly Cu in the base metal sulphides*.
* As far as the writer knows Au minerals such as tellurides, etc.,have not been identified in the Merensky Reef deposits or in
the chromite-bearing dunite types.
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Even though considerable amounts of PM's were collec-
ted and enriched in the early (?) oxide-hortonolite fraction or
segregated into the somewhat later sulphide phase, some Pt and
Pd were retained by the silicate fractions and this is brought
out well by Table 11-32. Following the diallage pegmatite the
early crystallizing anorthosites and pyroxenites show the next
highest Pt (48-76 ppb) and Pd (32-59 ppb) values but have rather
low gold values (V 61 ppb). During the crystallization of
these two fractions, the earlier anorthosite is slightly more
enriched in Pt (Pt:Pd 2.4) than the slightly later pyroxen-
ite phase (Pt:Pd = 0.82), However, since only two specimens of
anorthosite were analysed and these were from the Critical Zone
(see Table Il-18), the values here may not be too representa-
tive, at least for the anorthosites in the other zones of the
lopolith. Furthermore, it will be recalled that one of the
anorthosite specimens (No. 12) is relativelj high in visible
chromite which would imply that the high average for the anortho-
sites here is abnormal and a consequence of the contained oxide.
The chill-phase gabbro, which as we have seen is
fairly representative of the primary Bushveld magma, is rela-
tively high in the list of Table 11-32. From its position in
the table it may be concluded that during differentiation Pt and
Pd were depleted in the melt in favor of enriching strongly
into such early phases as hortonolite dunite, pyroxenite, etc.
As this was going on the melt became relatively barren in Pt
and Pd leaving a residual melt as represented by the norites
(Pt a 38, Pd a 15 ppb) and the gabbros(Pt a 14, Pd a 10 ppb).
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An examination of the Pt/Pd values for the norites and the gabbros
(1.4-2.5) also reveals that during differentiation they lost
more of their Pd than Pt which might be expected since the
original melt (chill-phase gabbro) was relatively high in Pd
as compared with Pt (91 vs 42 ppb). Gold does not show any
definite trend here except that it enriches in the hortonolite
dunite and diallage pegmatite during the differentiation of the
primary magma. It is also noteworthy that Au distinctly tends
to shun the ultramafic rocks (e.g. anorthosite, etc.) in favor
of concentrating in the diorite fraction (180 ppb) or in the
more acidic fractions like granite and ijolite.
It is of geochemical interest to note that during
the fractionation of the Bushveld magma only relatively small
amounts of Pt and Pd and Au were lost to the olivine dunite
as well as the harzburgite rocks. The olivine is the earliest
of the mafic minerals to crystallize during differentiation
and this may have some bearing on the low PM values if the
metals were later in precipitation. The possibility of the
olivine structure being adverse to replacement has been noted
elsewhere (p. 131). The olivine dunite and the harzburgite
are invariably chromite bearing and in all probability the
values that do occur in the dunite are contained in the oxide.
Why the hortonolite variety of dunite should be so
strongly enriched in PM whereas the olivine variety remains
low is a baffling question. It may be related to the order
of crystallization as mentioned above since Wagner has shown
that the hortonolite is later than the olivine (113, p. 59).
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According to Wagner (13, p. 87) the hortonolite fractions
separated from the olivine fractions by liquation and re-
mained fluid longer because of mineralizers (H20, F, H23)*
Ultimately they crystallized under pegmatoid conditions.
The Pt-metals and the oxides may have been held colloidally
in such fractions and then filter pressed out to form the
pipes where the materials crystallized together* The writer
does not believe that the difference in Fe and Mg content of
the two dunites is a clue to the great difference in values
since economic concentrations of PM's do encroach into the
olivine dunite of the pipes (113). Furthermore, chromite,
which is invariably enriched in Pt and Pd, is found in both
types of rocks so this cannot be the key unless a high Fe
type, as might be expected in the hortonolite facies, was a
more favorable host for the Pt metals (see p. 132).
The migmatitic norite from the contact zone at the
base of the lopolith is low in PM values and this, as noted
above, is a result of dilution by the assimilation of wall
rock material during its emplacement.
It also is apparent from Table 11-32 that the salic
fractions associated with the rock assemblage of the complex
are, with the possible exception of the migmatitic norite,
the poorest in Pt (~- 3-7 ppb) and Pd (~ 5-10). From this it
follows that if the salic rocks (excluding (?) the ijolite)
are differentiation products of the Bushveld magma then most
of the Pt and Pd had been removed from this late acidic magma
by enrichment in the earlier ultramafic fractions like pyrox-
* see also p,. 87.
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enite, etc. As mentioned above, the small amounts of Pt and
Pd in the granite and ijolite rocks may be a result of contam-
ination from norite during intrusion of the salic magmas. It
is suggestive that since the platinoids were not detected in
the felsite-granophyre this salic fraction may not be syngen-
etic with the granite.
Changes in Pt. Pd, and Au Values with Respect to
the Differentiation Zones of the Lopolith
Before the differentiation trends of the PM's are
summarized it may be well to investigate briefly the changes
in PM values which take place between similar rocks from
different stratigraphic positions in the Bushveld lopolith
since such a study may have some bearing on the degree of
enrichment of the PM's in the various rock types.
For this purpose, each of the rock types have been
classified with respect to their stratigraphic zone in the
lopolith and their PM values averaged to give the results
shown in Table 11-33. Mean concentration values for each zone
are given. The mean for the Critical zone excludes the values
given for diallage pegmatite and hortonolite dunite and these
two rock values plus the value for the migmatic norite (Con-
tact "zone") have been omitted from the arithmetic mean for
the lopolith. The numbers in parentheses refer to the number
of analyses on which each mean was computed.
In order to show diagrammatically the relative changes
in PM value as well as ratio value for each of the rock types,
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the results in Table 11-33 have been presented in Fig. 10.
As might be expected, the rocks from the intensely
differentiated Critical zone show higher values for Pt and
Pd than the corresponding rock types from other less strongly
differentiated zones. However, their gold values tend to
be lower as seen from the mean Au values for each rock group.
Table 11-33. Summary of mean PM contents (ppb) and
ratio values for some rocks from the
major zones of the Bushveld lopolith.
(1)
Main zone
dabbro
Norite
Mean
Critical zone
Olivine dunite
Norite
Anorthosite
Pyroxenite
Diallage pegmatite
Hortonolite dunite
Mean
Transition zone
Pyroxenite
Basal zone
Harzburgite
Pyroxenite
Norite
Mean
Chill Phase
Gabbro
Contact "zone"
Migmatic norite
Bushveld Mean
(2)
(1)
(3)
(2)
(4)
(2)
(2)
(2)
(3)
(10)
(1)
(2)
(4)
_(11
(7)
(1)
(23)
Pt Pd Au Pt/Pd Pt/Au Pt+Pd
25 31 180 0.81 0.28 0.63
14 10 85 1.4 0.13 0.28
18 13 105 1.38 0.17 0.30
16 12 95 1.33 0.17 0.29
42 34 55 1.24 0.77 1.38
51 15 56 3.4 0.91 1.18
76 32 60 2.38 1.3 1.8
62 93 64 0.68 0.97 2.43
1315 475 189 2.77 7 9.5
5240 228 185 23 28 29
58 44 59 1.32 1.0 1.73
20 9 40 2.2 0.50 0.72
17 12 67 1.42 0.25 0.43
48 54 68 0.89 0.71 1.50
36 29 100 1.24 0.36 0.65
34 32 78 1.06 0.44 0.85
42 91 91 0.46 0.46 1.47
6 3 5 2.0 1.2 1.8
35 42 73 0.83 0.48 1.05
Upper zone
Diorite
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Consequently, the Pt/Au and Pt+Pd/Au values for the rocks from
the Critical zone are higher than those for similar rocks from
other zones.
The mean platinoid values for the Critical zone
(Pt = 58, Pd a 44 ppb) are much higher than the overlying Main
zone (Pt w 16, Pd a 12 ppb) but only slightly higher than the
underlying Basal zone (Pt a 34, Pd a 32 ppb). Au on the other
hand is noticeably enriched in the upper zones and this is well
exemplified by the Main zone norite which has a content of 105
ppb as compared with 59 and 78 ppb for the norites in the
Critical and Basal zones. From this it appears that Pt and Pd
are more concentrated in the lower zones (e.g. Critical and
Basal) while Au is more concentrated in the upper section
(e.g. Main) of the lopolith. The enrichment of the platinoids
into the lower section seems to be related to crystal settling
since the heavier crystallates (pyroxenites, dunites, etc.) of
the lopolith are, in general, located in the basal section.
Gold is enriched in the higher zones since it is not accepted
in the early fractionates which sank to the lower section
(e.g. Critical zone) of the lopolith.
The relatively low Au values found in the silicate
fractionates of the Critical zone suggest that much of the Au
concentrated, for example in the Merensky Reef, may have been
extracted locally from the Critical zone or possibly from it
and the Transition zone directly below. The low Au (and
platinoid) value for the pyroxenite in the Transition zone is
suggestive of depletion.
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Within the Critical zone, the early crystallizing
pyroxenites retain the highest amounts of Pt (62 ppb) and
Pd (93 ppb) and are slightly enriched in Au (64 ppb) when com-
pared with the other ultramafic rocks of the zone. It is note-
worthy that the earlier crystallizing olivine dunites contain
less Pt (42 vs 62 ppb) and Pd (34 vs 93 ppb) than the pyroxenites.
This trend has been noted also on p. 61 where the possibility
of Pt and Pd substituting for Fe was considered (see also p. 131).
Of all the rock fractions investigated in the Critical zone,
only the pyroxenites are enriched in Pd with respect to Pt
(Pt:Pd a 0.68) and in this way are comparable to the pyroxen-
ites from the less strongly differentiated Basal zone. The
pyroxenite from the Transition zone is low in PM's but has a
Pt:Pd value of 2.2.
This seems to indicate that under certain conditions
Pt can be more enriched in pyroxenite than Pd and this seemingly
anomalous behavior on the part of Pt may be a function of the
relative amount of ubiquitous sulphide or chromite present in
the rocks. In other words, a specimen relatively high in Pd
may contain more Pd-bearing sulphide or less Pt-bearing
chromite than a specimen low in Pd relative to Pt.
The Critical anorthosites are slightly higher in Pt
(76 vs 62 ppb) and much lower in Pd (32 vs 93 ppb) than the
pyroxenites from the same zone. Their Au content is about the
same (60-64 ppb). The relatively high platinoid concentration
in the anorthosites, as mentioned above, is related to the
oxide content. Unfortunately a comparison of the anorthosites
169.
of the Critical zone with those from the upper part of the
Main zone is impossible since the latter rocks were not
analysed. In all probability, however, the Main zone rock
would have shown a very low if any value for Pt or Pd.
The four norites from the Critical zone exhibit
somewhat lower values than the anorthosites; the averages
for Pt, Pd, and Au are 51, 15, and 56 ppb, respectively.
Each of the three norite groups (Critical, Main, Basal)
have Pt/Pd values greater than unity (1.2-3.4) indicating that
during differentiation these rocks were enriched in Pt relative
to Pd. The higher ratio of 3.4 for the Critical zone is
suggestive since these rocks are associated with a strongly
differentiated suite.
The remaining rocks of the Critical zone, the
strongly enriched diallage pegmatite and the hortonolite
dunite, as well as the olivine dunite, have been discussed
above.
In the Basal zone, the pyroxenite is the richest in
platinoids (Pt - 48, Pd - 54 ppb) and it in turn is followed
by norite (Pt 36, Pd 3 29 ppb) and harzburgite (Pt n 17,
Pd = 12 ppb). Gold, however, is enriched in the harzburgite
(100 vs 68 ppb) but remains the same in the other two rock
types (67-68 ppb). The low platinoid values of the harzbur-
gite follow the enrichment trend noted above for the olivine
dunite of the Critical zone.
The Main zone gabbro-norite facies show relatively
low Pt (16 ppb) and Pd (12 ppb) values as compared with the
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lower zones of the lopolith indicating again that the plat-
inoids were depleted from this section probably by enriching in
ultramafic crystallates that settled into the underlying
Critical zone. Gold, as mentioned above, is slightly enriched
in this zone (95 ppb) indicating that this metal is independent
of the differentiation trend of Pt and Pd.
Summary and Conclusions
During differentiation, only Pt and Pd were concen-
trated in the early* low-silica crystallates (( 60% S102 )
which settled out to leave a residual melt depleted in platin-
oids but somewhat enriched in Au. Initially, the basaltic
magma was relatively high in Pd (Pt:Pd A 'r-1 0.5) and during
early differentiation this element was markedly enriched
relative to Pt in sulphidic diallage pegmatite (Merensky
Reef) as well as in many of the pyroxenites. Platinum on the
other hand was enriched relative to palladium in the chrome-
bearing rocks such as hortonolite dunite, anorthosite, olivine
dunite and harzburgite as well as in the residual (?) melt
types such as norite or gabbro which comprise much of the
upper section (e.g. Iain zone) of the lopolith. Within the
lopolith Pt and Pd tend to enrich towards the base while Au is
more enhanced towards the top. In the late salic fractionates
like diorite or granite, Pd was enriched with respect to Pt.
The differentiation pattern for Pd more or less
* This presupposes that hortonolite is relatively early in
crystallization.
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followed that for Pt since both elements tend to follow one
another in value change. However, the relationship between
the two is not simple or consistent. Gold does not follow
Pt or Pd unless sulphide or oxide is prominent; then Au is
noticeably enriched but not as strongly as Pt or Pd.
The variation in Pt to Pd, at least in the Bushveld
rocks, may be directly related to the relative amount of
either sulphide or oxide present in a rock type since Pd, which
is more covalent, tends to be enriched in the sulphide phase
(Pt:Pd > 1) as in diallage pegmatite, whereas Pt, which is
less covalent, tends to be associated with the oxide phase
(Pt:Pd>> 1) as in hortonolite dunite.
The olivine-bearing rocks (e.g. olivine dunite),
which are the first to fractionate, always contain less
platinoids than the later crystallizing pyroxenites. Since
both fractions contain chromite, the enrichment in the Fe-
bearing pyroxenites may be a result of Pt and Pd substituting
for Fe (or Cr) either in the silicate or the oxide. The
association of platinoids with Fe-rich dunite and Fe (?)-rich
chromite is also suggestive along the same line of reasoning
although most of the Pt in the hortonolite phase is native.
Gold shuns the ultramafic crystallates unless a
sulphide or possibly an oxide phase is retained and then it
is enriched. Even so, the metal seems to be rejected into the
later fractionates where it concentrates to some extent in
such rocks as diorite or granite.
The broad differentiation trends mentioned above
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seem to hold not only for the lopolithic rocks as a whole but
also for the rocks from a single zone as for example the
Critical or Main zone of the complex. Here, however, the
stronger the differentiation, as evidenced by the variety of
the fractionates, the greater the concentration of Pt and Pd
even in such low-valued rodcs as olivine dunite. Furthermore,
in the more strongly differentiated suite (Critical zone),
Pt/Aux(Pt+Pd/Au) values are higher than for similar rock
types from the other less differentiated zones (-1.0 vs NO.5).
Therefore it may be concluded that the bulk of the
platinoids are selectively enriched in the early ultramafic
crystallates and in particular those which contain sulphides
or oxides. In general Pt is enriched relative to Pd in all
the early silicate fractions except the pyroxenites,and,
furthermore, is apparently well depleted from the residual
melt by the time the late intermediate and salic fractions are
developed. Gold is to some extent enriched in the sulphide
and oxide-bearing rocks, although much of it is rejected into
the late fractions along with lesser amounts of palladium.
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PART III
EXPERMNTAL TECHNIUES
-Forward-
In order to collect and isolate the traces of noble
metals contained in rocks and minerals to sufficient amounts
which can be mechanically, chemically, or spectrographically
analysed, some preliminary method of pre-concentration,
either by chemical treatment or by fire assaying is required.
Wagoner (113) was able to estimate small quantities
of Au and Ag in rocks by using a blow-pipe-cyanide method.
The amount of PM present was computed from the sizes of the
resulting beads as measured microscopically. Lunde and
Johnson (78), (79), using the micro-assay technique devised by
Haber for detecting Au and Ag in sea water, concentrated the
PM's into a lead bead which was then analysed by wet methods
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("micro-dokimatischen" method).* The process of co-precipi-
tating small amounts of Au from brine with a suitable sul-
phide adsorbent was developed by Haber and Jaenicke (51).
Schneiderhohn and Moritz (97), (98) as well as Leutwein (71)
used a high-voltage spark method of optical spectrography on
aqueous solutions obtained by dissolving fluxed or acidified
silicates, etc. in boiling water. According to Goldschmidt
and Peters (45), the Noddacks also concentrated the PM's
through chemical treatment but analysed the concentrates by
x-ray spectrometry. This particular method was not given in
any of the three references that were available (86), (87),
(88). Goldschmidt and Peters (45) and Peters (92) pre-
concentrated PM's in rocks, minerals, and meteorites by
micro assay into a small, partially cupelled Pb "regulus"
which was then analysed spectrographically using the dc.-arc
with cathode-layer excitation; see also (12).
Precious metals in sulphides have also been evaluated
by spectrographic analysis of lead or silver collectors from
macro assays utilizing dc or ac-spark spectra (99), (57),
& A
(58), (59). For a review of the techniques of fire assaying
and chemical and spectrographic techniques, as well as losses
of platinoids with reference to PM's in assay beads resulting
from sulphide assays, the reader is urged to consult the pub-
lications by Beamish and co-workers (8), (9), (13), (14),
(28), (65), (100), (101), (107). Goldberg and Brown (42)
* Several early references on the development of this micro-
chemical method are given by Lunde and Johnson (79).
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have also determined Au with a radiometric method.
Pre-concentration of PMts by fire assay followed by
spectrochemical analysis was the design used in this research.
In brief it consisted of fusing a silicate sample with fluxes
and litharge to which silver was inquarted, and collecting
the PM's in a lead button by controlled reduction. The lead
button was then oxidized (or cupelled) to a dors bead which
retained the PM's. This bead was spectrochemically analysed
utilizing the dc anodic-excitation technique.
In the following exposition on experimental tech-
nique, the first section deals with the preparation of samples
for fusion. Next, the fire-assaying and spectrochemical pro-
cedures are outlined and discussed. A separate phase of the
discussion deals with the evaluation of losses of PM's and the
procedure followed in adjusting the original assay values.
Finally, the results from the experimental investigation are
presented.
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PREPARATION OF SAMPLE MATERIALS
Rocks and Chondrites
The rock specimens*, which ranged up to 0.5 lb in
weight, were prepared for assaying by crushing, grinding, and
pulverizing to minus 100-mesh on standard equipment in the
M.I.T. Geological Crushing and Grinding Laboratory (Photo. 1,
2). In order to minimize contamination effects, the order
of comminution was kept in the sequence of decreasing rock
basicity, and the equipment was cleaned with a brush or air-
blast after each processing. Dust losses were in the order
of 5-10% for each run. The chondrite samples were in the
powdered form (minus 200 mesh) and had been carefully tri-
turated with a quartz mortar and pestle.**
After each pulverized sample was thoroughly mixed
by rolling for approximately 5 minutes on a clean rubber
sheet, it was coned and quartered. For each rock and chon-
drite analysis, 45 and 20-g sample portions, respectively,
were removed and weighed to 0.1 g, and then mixed with
suitable fluxes for charging (see below).
It is noteworthy that relatively large portions of
sample material (45, 20 g) were fluxed and assayed and that
these amounts were governed primarily by the sensitivity of
the arcing procedure since the quantity of PM's pre-
concentrated in the bead had to be large enough for detection
* See Appendix for a description of specimens.
**Personal communication with Dr. W.H. Pinson.
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Photo. 1:.- Machine on left is a 2 by 3-in. DFC No. 1 type labora-
tory jaw crusher used for reducing coarse rock (1-2-in. mean diam.)
to about 1/S-in. size at a rate of about 10 lb/min. The 8-in.
disk pulveriser on the right reduces the crushed product to fines.
Each machine is powered with 1-2-hp 115/230-volt motor and is en-
closed together as shown to minimise dust loss and free-air
contamination.
178.
and evaluation with the spectrograph. The critical problem
of possible contamination from reagents was conveniently
eliminated by preparing blank fusions in which double amounts
of reagents were assayed. It might be mentioned that early
workers such as Goldschmidt and Peters (45), who used the
micro-assay procedure, were primarily concerned with contamin-
ation of Ag from litharge. This, however, was no problem here
since this element was not determined.
Slags and Cupels
To check possible PM losses resulting from fusion
and cupellation, slags and used cupels were either reassayed
individually or, as was the general case, as grab samples
which were coned and quartered from composites of slags and
cupels representing major rock groups.
At the time the assaying procedure was being
standardized, a survey of the literature indicated that the
losses incurred during fire assaying for trace concentrations
would be negligible for Pt, Pd, and Au or at the most about
10% (see references on p. 246, etc.). The composite reassays
were made with only the faintest hope that PM's would be de-
tectable let alone of such a concentration that they could be
evaluated. When the spectrochemical procedure was carried
out, however, it was found that losses for Au, Pd, and Pt were
surprisingly high; but because only a relatively few individual
cupels and slags were on hand at this time, it was impossible
II
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Photo. 2:- Hand-operated 4 x 4-in. steel rolls used for codfnutingproduct from disk pulverizer (see Photo, 1) to -100 mesh for assay-
ing. An attachable constant-rate feed lip is not shown. Note re-
movable bin for collecting final product. (Scale in foreground is
graduated in inches).
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to make a further more intensive investigation of the losses
for each of the individual samples.
In preparing a slag composite sample for reassaying,
the slags of a major rock group (e.g. the acidic group) were
combined, crushed and pulverized on a bucking board, and rolled.
From this, a 200-g grab sample was taken and fused. The slag
reassays for individual specimens were prepared in the same
manner and were weighed before charging.
Before a spent cupel was pulverized and combined
with other cupel material to comprise a composite sample, or
before it was reassayed individually, the unused portion of
bone ash was carefully removed to facilitate fusion. From
each of the composite samples of cupel material, 50-g grab
samples were removed for charging. In the case of single
cupel reassays for individual specimens, the cupel material
was weighed after pulverizing. As with the rock samples, all
reassay weighings were to 0.1 g.
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FIRE-ASSAY PROCEDURE
The method of fire assaying employed here follows in
general the principles discussed by Shepherd and Dietrich (102)
and Bugbee (23), and for a more detailed account of the tech-
niques presented below such references should be consulted.
All phases of assaying were conducted in the M.I.T. Processing
Laboratory under the careful direction of Professor Reinhardt
Schuhmann, Jr., of the Metallurgy Department.
Fusion
Equipment
The fire-assay fusions were performed in two cubi-
cal glow-bar pit furnaces connected in parallel and energized
at 140 v (Photo. 3). The furnace temperatures (- 11000 C)
were measured by means of a calibrated Leeds-Northrup poten-
tiometer connected to a chrome-alumel junction. In order to
standardize readings for each run, the junction of the thermo-
couple was hung near the center of each furnace about three
inches from the floor of the unit.
Fluxing Reagents
The fluxing reagents (and crucibles) used for the
assay fusions were obtained from the M.I.T. Laboratory Supply
Division. With the exception of silica and fluorspar, which
were chemicallypure (CP), all other reagents including li-
tharge, sodium carbonate, borax, and flour were of technical
grade.
18?.
Photo.:- Two glow-bar pit furnaces used for fusing charges at
'I100"' C. Front furnace cover has been hoisted off to show
charged crucibles on muffle floor. Note the two glow-bar rods
exposed along left wall of furnace. Furnace to rear is covered
and a thermocouple may be seen protruding through the furnace
lid. Temperatures are read with the potentiometer on stool.
A four-cup iron mold is visible beneath the front furnace, and
the bottom of an exhaust pipe is just visible above it.
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In the initial testing of the purity of reagents,
several blank fusions were prepared with double amounts of
reagents of both technical and CP-grade. Upon spectro-
graphic analysis of the resulting dore beads, it was found
that a faint trace of Pd and Au was present in both grades
of reagents. Spectrograms of the two grades of litharge
showed it to be free of all PM's except Ag. A further in-
vestigation revealed that the silver foil (CP), which was
inquarted into each charge, was the contributor of the con-
taminants. This introduced contamination was later corrected
for in the preparation of the spectrographic working curves
for Pd and Au. Furthermore, in order to evaluate the possi-
bility of any irregular contamination effects from reagents,
blank fusions were run whenever a new stock of fluxes was
used.
Crucibles and Cupels
Thirty-gram unglazed pot crucibles were used for
the fusions. During the reassaying of 200-g slag samples
particular attention was necessary since there was a tendency
for some of the more tenuous slags to overflow this size of
container immediately upon initial fusion. This effect was
curtailed by lowering the furnace temperature through partial
removal of the furnace lid. The T-design crucible, as ob-
tained from the M.I.T. Laboratory Supplies Division, appeared
to be the most satisfactory type of pot under high-temperature
firing rather than the other varieties (e.g. D and I-types).
This was so since the T-type invariably could be used for
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reassaying the slag as well as the cupel obtained from the
rock fusion. The other types cracked or spalled after only
one firing and consequently had to be rejected from a second
firing.
The 1 1/2-in. bone-ash type of cupel with a 9/32-in.
cup, as obtained from the Denver Fire Clay Company, was used
for all cupellations.
Preparation of Assay Charges
Assay charges for the various rock and chondrite
samples were prepared after the "single-stage process for
ores deficient in reducing power" as outlined by Shepherd
and Dietrich (102).
The average chemical composition of each major rock
type to be investigated was obtained from various petrological
reference sources as for example Daly (31) and Hall (53), and
from these analyses the charge components were so adjusted
by calculation that a fairly constant-sized lead button (--25 g)
would result with a bisilicate-degree slag (Table 111-2).
In the charging of the crucibles, portions of re-
agents were weighed to the nearest gram in order to standardize
the procedure. Flour, which served as the reducing agent, was
weighed to 0.1 g. A typical calculation to determine the
amounts of fluxing reagents used in the charging of samples of
granitic rock (granites, felsite, etc.) is outlined below.
The bisilicate silica equivalents used for the basic components
as noted in the example computation have been taken from the
"Slag Table" in Shepherd and Dietrich (102, p. 126).
Example Computation of Charge Components
for Granitic Rocks
(1) Average Composition of Granite after Daly (31)
69.0%
A12 0 3
Fe 20 3
FeO
MgO
CaO
Na2 0
K2 0
(P205, T10 2 , DnO,
14.78
1*62
1.67
0.97
2.15
3.28
4.07
H20 neglected)
Calculations
Item
Calculation Charge
1. Wt. salic rock sample
Na2003 equal to weight of rock
2. Litharge equal to weight of rock
3. Weight of bases in rock
Fe203:Fe
MgO:
CaO:
Na20:
K20:
(.02) =
(.02) =
( .01) (45) a
(.02) (45)=
(-03) (45)(.04)(45) =
45 rock
45 Na2CO3
45.0
0.9
0.9
0.5
0.9
1.4
1.s
4. Bisilicate silica equivalent of bases
Na200 :
litha ge:
Fe203:
Fe
Mgo:
CaO:
Na20:
K 26:
(45) (1.8)
(45) (3.7)(0.9)(1.3)
( 0.69)( 1.2)(0.5) 0.7(019) 09.)
(l'4) 1.8)(1.8)(2.3)
on next page
(2)
Step
Silica
if
"
"
"
if
if
"
for
if
"
"
"
if
if
"
25.0
12.2
0.7
00.8
0.7
1.0
0.8
_0M
SteD
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continued
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Total silica for bases
Deduct silica in rock (0.7)(45) =
Net silica required
2/3 of required silica as 3102
1/3 of required silica as borax(.53 .1 M 10.9
5. Litharge for slag (step 2)
Litharge for 25-g button
Total litharge
6. Weight lead button to be(oxidizing energy of rock low)
Total reducing energy required:
Flour needed at a reducing power of 12
(25)/(12) = 2.1
7. Weight A120: (.15)(45) =
Weight fluo spar: (1.5)(6.8)
42.0
-}LA
10.5
3.3
10.9
452.
72
25
25
2.1
6.8
10.2
5 5102
10 borax
75 litharge
2,1 flour
10 fluorspar
(3) Charge- 1.- ( grani tic-f elsitel
rock sample (pulverized) 45 g
sodium carbonate 45
litharge 75
borax 10
fluorspar 10
silica 5
flour 2.1
The various assay charges used in this research, prepared in a
manner similar to the above method, are summarized in Table III-1.
The amount of reagents noted for cupel and slag reassays were
obtained from Shepherd and Dietrich (102).
Rock Type
Granitic
Ijolite
Basaltic
Charge
1
2
3
4
5
6
7
8
9
10
11
12
TABLE III-1. Fusion charges.
Sodium
Silica Borax Carbonate
5 g
30
25
10 g
20
20
15
20
20
45 g
45
45
45
45
45
45
45
Sample
45 g
45
45
45
45
45
45
45
45
20
200
50
Litharge
75
75
75
75
75
75.
75
75
75
25
Fluorspar
10
10
10
5
20
20
5
5
5
10
15
Norite
Pyroxeniti C
Anorthositic
Dunitic
Hortonolite
Diallage
pegmatite
Chondrite
Slag
Cupel
20
30
20
35
40
25
10
10
25
30
15
10
20
20
45
20
40
45
Flour
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.1
2.0
2.1
4.0
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(4) Discussion of Table III-1
All in all, except for minor shotting* caused by
relatively high slag viscosity, the rock fusions appeared to
be satisfactory with the charges listed. If a slag appeared
to be quite viscous. during the pouring of a charge prepared
from an initial sample, the amount of silica was slightly
reduced for the succeeding samples. A furnace time of 35
minutes was sufficient for all fusions except for the re-
assays of the used cupel materials. Here, because of the
resistance of the bone ash to fusion, it was necessary to
prolong the furnace time to 40-45 minutes. A fusion was re-
jected if the slag was lumpy or if excessive shotting occurred.
Method
Prior to firing, the fluxing reagents for each of
the rock samples were weighed out and thoroughly mixed with
the sample using a porcelain mortar and pestle. The charge
was then dumped onto a clean sheet of hard-faced paper and
in turn poured into the crucible. Particular care was taken
to prevent dust losses during mixing and pouring. After
each preparation, the paper sheet was discarded and the
mortar and pestle were cleaned with water and detergent and
then dried before preparing a duplicate charge. To each
charge was added about 0.55 mg of 0.001-in. silver foil (CP)
which had been carefully weighed to 0.1 mg.
* Shotting refers to the retention of metallic nodules in
the slag.
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The crucible fusions were fired in batches of 12,
six pots to a furnace, each of which was preheated to 11000 C.
During the charging of a furnace, the furnace temperature
dropped to 750-8000 C, and the amount of lowering depended
on the speed of setting the crucibles into the uncovered
furnace. After a furnace was re-covered, the charges were
fused for 35 minutes (40-45 minutes for cupel reassays) or
that is, until a pouring temperature of about 10500 C (or
11000 0 for cupel reassays) was attained. At the close of a
run, the furnaces were opened and melts poured in the same
order as they were placed in the furnace. Each crucible
was lifted upright from the furnace with tongs and gently
tapped before pouring, end over end, into pre-heated chalked
conical iron-molds. When the 12 fusions had been poured,
the furnaces were re-covered and the temperature allowed to
reach 11000 C for the next firing.
The fusions were allowed to cool for about thirty
minutes during which period the molds were covered with a
steel plate to prevent loss of slag from spalling. When the
molds were cool enough to be handled, each product was removed,
the slag was chipped away from the lead button and, if neces-
sary, collected on a paper sheet and set aside for reassaying.
After each of the lead buttons was cleaned of adhering slag,
it was weighed. Particular care was taken to check each slag
for possible shotting and if any metal nodules were visible
they were removed and weighed with the lead button. After
weighing, each button was lightly hammered into a cube shape
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and then placed into an envelope which was numbered to corre-
spond to the original sample. If the slags were to be re-
assayed as a composite sample, they were combined, pulverized,
and rolled before grab sampling.
It should be noted here that duplicate assays were
run for most of the rock samples and that a duplicate pair
was run, if possible, in the same furnace and at the same
time. By this procedure, temperature changes, if any, in the
furnace would be constant for each partner of a duplicate.
Results
In all, 178 fusions were run of which 128 were on
rock and chondrite samples; 67 were on slag and cupel reassays;
and 10 were on blanks.* A summary of the type of sample
materials assayed (or reassayed) together with the number of
samples from each is shown in Table 111-2. The number of
fusions given for each type of sample material includes the
duplicates. In the same table, the mean weights of the result-
ing lead buttons are also noted.
It might be noted in passing that the button weights
from the chondrite fusions ranged from 32 to 44 g. These rather
large sizes are a result of the relatively high content of
sulphide (V 5%) in the samples. In this respect, recent investi-
gations by Allan and Beamish (9) on button size indicate that
sizes ranging from 20-40 g collect about the same amount of
* Actually about 300 fusions (and cupellations) were made in
the course of the investigation but many of these were "lost"
in perfecting the spectrochemical procedure. Only four
charges were lost through crucible failure.
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osmium and it is probable that this observation may be applied
to the other PM's.
Table 111-2. Assay data,
Sample Material
Rock (17 groups)
Chondrite
Slag (composite)
Slag (individuals)
Cupel (composite)
Cupel (individual)
Blanks (reagents)
Total
No. Samples
72
5
11
6
16
7
No. Fusions
120
8
11
6
16
7
10
178
Mean weight of
Pb-buttons
23 g
37
13
30
19
23
25
Cupellation
In fire assaying, cupellation is the high-temperature
refining process of oxidizing the lead button obtained from a
sample fusion to litharge which in turn is selectively absorbed
into a porous medium like bone ash (cupel) to leave the PM's
and silver behind as a dore bead.
Equipment
A 220-v model-HS size-2 Sentry Globar muffle furnace
installed with a Rayotube temperature indicator and equipped
with Leeds-Northrup automatic control set at a rate of tempera-
ture approach of 37.80 C/min was used for all cupellations
(Photo. 4). The muffle temperature was set constant at 871 0
(light red heat).
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Photo. :- Electrioallybhat4 and Controlled muffle furnae
used or lead eupellations. The muffle door, which is oper-
ated by the treadle, is partially open and some used cupola
are visible. Unit to left of furnace is an automatic Leeds-
Northrup control system* Hood above furnace exhausts muffle
gases*
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Method
(1)hCharging of lead buttons
The lead buttons were charged' in batches of 16,
being placed systematically, one by one, with tongs onto
preheated blank cupels arranged 4 to each of 4 rows. After
some practice 16 buttons could be charged in 0.5 min using
a single pair of cupel tongs. During each batch operation
an additional row of discarded cupels was placed next to the
front row on the door side of the oven in order to prevent
rapid temperature changes and thus possible freezing of the
melts in the adjacent row of cupellations. To keep the
cupellation conditions as constant as possible for each
sample, the duplicate pairs of buttons were oxidized in the
same row of cupels. In this way any temperature fluctuations
caused by opening and closing the furnace door or draft
would probably affect the duplicate cupellations in the same
manner. Furthermore, in the charging of buttons which were
not in duplicate, buttons of similar weight were placed in
the same row, and in general an attempt was made to charge
the heavier buttons first and in the rows closer to the
muffle door. Thus a similar finishing time for each of the
buttons was approached. It was believed that these precautions
would tend to eliminate possible losses of PM's due to pro-
longed heating since the smaller sized buttons as well as those
in the outer row of cupels tended to oxidize very rapidly and
reach an endpoint sooner than the other buttons. To prevent
possible mixing of buttons, a work sheet showing the position
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of numbered samples in the oven was kept for reference.
(2) Opening of buttons
After the lead buttons were charged, the muffle draft
and door were closed for about two minutes to allow the lead
to melt and a surface crust (slag) to move to the periphery
of each melt. When this stage was reached, the furnace door
was partially opened to allow rapid oxidation or "driving" of
the lead. The draft conditions were standardized so that a
fringe of litharge crystals or "feathers" appeared within and
around the upper edge of the bone-ash cupels. This well-known
indication of favorable oxidation conditions was strived for
at all times by slowly raising or lowering the furnace door
during the cupellation.
When the endpoint of the cupellation was reached as
was indicated by the formation of the silver dore beads, the
furnace door was opened wide and the cupels were allowed to
cool (see below). On the average it took 25 to 30 min to run
one batch of cupellations from the beginning of the charging
to the endpoint stage.
(3) Sprouting in beads
Since molten silver has a high affinity for oxygen,
there is a strong tendency for absorbed oxygen to be expelled
upon cooling (102). If a molten dor 4 bead is cooled too rapidly,
the expellation of oxygen is violent and fine filaments of
silver sprout from the surface of the bead. In order to pre-
vent sprouting in the beads and thus minimize mechanical
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losses of PM4's, the completed cupellations were slowly moved
row by row towards the open furnace door. As each outer row
of beads became sufficiently cool, as evidenced by the red to
yellow color change of the cupel, the beads were carefully
plucked from the cupels with a small pincer and dropped into
labelled glass vials. If a cupel was to be reassayed the
unused bone ash was carefully broken away and the litharge-
containing portion placed in a numbered envelope ready for
pulverizing and mixing, etc.
(4) Weighing and cleaning of beads
The dore' beads obtained from the cupellations were
weighed to the nearest 0.1 mg on a Becker chainomatic balance.
Prior to weighing, the base of each bead was carefully cleaned
with a soft nylon-bristled brush to remove any loosely adhering
litharge or bone ash. It should be mentioned here that Barefoot
and Beamish (13) do not recommend the cleaning of an iridium-
bearing bead because minute scales of iridium oxide are
scattered on the surface near the base of the bead and such
scales may be dislodged. Here, only a few of the beads con-
tained any strongly adhering material and furthermore Ir was
to be evaluated in only the chondrite beads which, incidentally,
were relatively free of adherents.
Special care was taken when cleaning one of the few
beads showing effects of sprouting because there was always
the possibility of removing some of its fine filaments and
hence causing a loss of PM's.
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Results
From the cupellations, 178 dore' beads were obtained
and weighed. The resulting weights of the beads averaged 54.7 mg
as compared with an average weight of 56.5 mg for the correspond-
ing pieces of silver foil which were inquarted in the fusions.
Thus the apparent mean loss of silver during fire assaying was
1.8 mg or 3.2% as based on the higher mean value.
The value of 3.2% as a silver loss is undoubtedly
low since some of the beads contained a relatively high per-
centage of lead as was evidenced by fairly short endpoints in
the arcing procedure. That dore beads retain amounts of lead
and indeed up to the value of 40 to 50 mg in an 80-mg bead
even after one to three hours of oxidation has been previously
reported by Seath and Beamish (101).
The dore beads, the final products of fire assaying,
were then spectrochemically analysed for their PM content.
Summary
The method of collecting and pre-concentrating gold
and platinoids from rocks and chondrites into a silver bead
product by controlled fusion and cupellation was discussed.
Reassaying of slags and cupels to obtain data on possible
losses of PM's was also described.
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SPECTROCHEMICAL PROCEDURE
An "all dry" quantitative method of spectrochemical
analysis based on total energy emission was designed and found
to be satisfactory in evaluating the concentrations of PM's
in the dore beads obtained from fire assaying. The fundamental
practice consisted of arcing similar weight beads and deter-
mining the relative intensities of the PM lines which in turn
were evaluated by appropriate working curves. To the writer's
knowledge, the application of a dcfarc with anode excitation
for energizing the beads as used in this research had not
been attempted previously with any degree of success.*
The method of spectrochemical analysis employed here
follows the principles discussed by Harvey (54) and in par-
ticular Ahrens (3), and for an account of the various spectro-
chemical procedures as applied specifically to noble metals
see for example Azcona and Pardo (12). All phases of spectro-
chemical analysis were conducted in the M.I.T. Cabot Spectro-
graphic Laboratory under the supervision of Professor L.H. Ahrens.
Equipment
Spectrographs and Densitometer
(1) A Wadsworth mounted 21-m grating instrument, having
a spectrum dispersion of about 2.5 A/mm and a resolving power
* A procedure almost identical to that of the writer's has been
devised for evaluating gold in rocks by Bennet and Roberts (18).
This was brought to the writer's attention by Professor Ahrens
after research was underway.
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Photo. 1 :- View of Wadsworth spectrograph showing exterior optical
system, step sector arrangement, and standard electrode clip holders.
Note hood for collecting arc vapors as well as plastic side plates
(mounted on rollers) for reducing arc glare. Small circular object
near center of photograph is a smoked glass lens which is used for
direct viewing of the arc.
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greater than 40,000 in all regions, was used for analysis of
the chondrite beads. (Photo. 5, 6). The wavelength region,
2900-4700 A, was photographed.
Much of the initial testing in the development of
the spectrographic procedure was done on this machine and it
was found sensitive enough to analyse only the dore'beads ob-
tained from assays of the chondrite specimens.
(2) A Hilger-Littrow type prism spectrograph with inter-
changeable quartz and glass optics, and having a dispersion
ranging from 3.2 A/mm at 2667 A to 6.1 A/mm at 3200 A was
used for analysing the dor beads from rock assays (Photo. 7).
Quartz optics, which were masked to reduce background from
silver exhalation, were employed with wavelength settings
ranging from 2390 A to 3300 A.
Both spectrographs were operated at 220-v 7-amp dc
A
anode excitation.
(3) The densitometer used for reading the plates was a
Hilger type (Photo. 8).
Step sector and electrodes
Plate exposures were controlled with a step sector
having six, 1.5-mm high, steps together with the slit fixed
at a height of 10 mm and a width of 0.03 mm. The distance
measured along the collimator axis between the sector and slit
housing was standardized at 3 mm. The step sector, when it
was electrically driven to rotate at high speed (-'1400 RPM),
gave relative exposures of 1, 2, 4, 8, 16, and 32 to form a
Ii
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Photo. 6:- Dark-room view of Wadsworth spectrograph showing dis-
mantled plate holder (curved section; right middle). Motor in
center of photograph operates vertical movement of plate holder
to allow several spectrograms to be taken on one plate. Together
the dark room, the loaded plate holder, and the diaphragm (not
visible) serve as a camera.
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composite exposure band or spectrogram on a plate; and in this
way allowed the total light intensity as well as 1/32, 1/16,
1/8, 1/4, and 1/2 of the total light intensity to be integrated
photographically for each spectral line.
Graphite electrodes were found to be most satisfac-
tory. Soft carbon electrodes burned too rapidly and made it
impossible to keep the bead in place before it was completely
volatilized. Furthermore carbon produced more interfering
CN bands on the spectrogram.
The electrodes consisted of 3/16-in. diameter
special graphite rods with the lower electrode having a
funnel-cut cavity and being about 1 1/4 in. long (Fig. 12).
The upper electrode was conically tapered to a sharp point
and was about 3 1/2 in. in length. Electrodes were mounted
and held with the conventional spring clamps so that both
electrodes were plumb and aligned with the collimator dia-
phragm. An electrode separation of 1/4 in. was standardized
for all runs and this distance was gauged and set before each
arcing.
Analysis Lines and Detectability
After a survey of the spectrochemical literature
revealed that several of the reputed most sensitive lines for
each PM varied somewhat with the arcing technique used, a
series of tests on PM beads of known concentration (standards)
were undertaken in the 4000 to 2000-A spectral region. From
this the lines which were incontestably most persistent to
II
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Photo. ':- Hilger spectrographic set-up at initiation of arcing
period. Note that arc has been struck. Electrodes arranged in box
in foreground have been loaded with dors beads and are ready for
arcing. The exterior optical system, the step sector, the plate
holder, and the controls are easily distinguishable.
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minimum concentrations were chosen as the "best" analysis
lines. Since this investigation was undertaken primarily
for detecting Au, Pd, and Pt, the final wave length settings
used were standardized only for these elements, and conse-
quently some of the more sensitive lines for the other
platinoids were missed.
The minimum concentration or detectability values
noted for the PM's were compiled from working curve data and
from an inspection of numerous plate exposures. The general
rule suggested by Harvey (54), that the minimum detectability
limit of an element is that concentration where the background
is about one-half the line intensity, was followed here.
Gold:- Originally it was planned to use the are line Au 2428
with the Hilger spectrograph but later in the research it
was determined that Au 2676 had a detection limit much lower
than that for Au 2428. This is completely opposite to what
Ahrens found in detecting Au qualitatively by arcing siliceous
samples (2). He reported that the detection limit for Au 2676
was lower than Au 2428 by a factor of three. However, he
used Au 2676 because Au 2428 was coincident with an SiO band
member.
It was found that 0.3 (D = 0.001 mg) could be
detected in a 55-mg bead with Au 2676. For the same line
Seath and Beamish reported a detectability limit of 0.1
of gold in a 10-mg silver bead using ac arc analysis (100).
The spectral line Au 3122 as utilized by Scobie (99)
for spark analyses was found to be suitable with the Wadsworth
II
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Photo. 8:- Hilger-type densitometer used for reading spectral analy-
sis lines. Lines are observed in the black cylinder (upper right)
and the galvanometer deflection reading is read in the upper left
viewing window (Plate in the horizontal plate holder is of standard
size - 4 by 10 in.).
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instrument. In this research the lowest concentration value
reached was 0.6 ' in a 55-mg bead. With the same line Seath
and Beamish (100) detected 4 K of Au in a 10-mg silver bead,
whereas Scobie apparently detected at least 12.5 in a 100-mg
bead. The low detectability limit (0.63') as determined in
this research seems questionable on the basis of Seath and
Beamish's work.
Platinum:- Pt 3064 was suitable for both instruments. At
low concentrations there was some possibility of confusirg this
line with Ni 3064 on the Hilger plate but this was eliminated
by measuring the position of Pt 3064 each time from Au 2676
which served as a reference line. In a 55-mg bead the minimum
detectability limit was determined to be 0.3 g and 2 6 for
the Hilger and Wadsworth instruments, respectively. In this
respect Seath and Beamish (100) reported a minimum concentra-
tion limit for Pt 3064 of 0.6 in a 10-mg silver bead.
Palladium:- Pd 3242 was employed for both spectrographic pro-
cedures. Interference from the background caused by exhalation
of silver (Ag 3280) was alleviated by modifying the Hilger
arcing technique (p. 217). The minimum detectability limit#s
for Pd in a 55-mg silver bead was found to be 0.4 and 2 ' for
the Hilger and Wadsworth techniques, respectively. With arc
analyses, Seath and Beamish detected 0.l of Pd in a 10-mg
bead.
Rhodium:- Rh 3191 was found to be the most sensitive Rh line
in the wavelength setting used for the Hilger instrument. A
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FIGURE. 12
DIAGRM A : Vert-ical
section through funnel-
cut electrode.
NOT: All dimensions in Inches
DIAGRAM B :Vertical
section through
graphite crucible
used for standard
alloy preparation.
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T
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minimum concentration of about 1.5S in a 55-mg silver bead
was determined by plate inspection. Scobie (99) reported a
detectability limit of at least 1.5Y in a 100-mg silver bea
using Rh 3323.
Rh 3434 was used in conjunction with the Wadsworth
method for the range 0.01% to 0.2% Rh. An inspection of the
standard plates showed, however, that this analysis line
could be used to a minimum limit of about 1V in a 55-mg bea
d
d.
Iridium:- Iridium was not detected in any of the beads ob-
tained from rock assays (Hilger method) using Ir 3220 which
by plate inspection should have a minimum detectability of
about 1.5' in a 55-mg bead. With the Wadsworth instrument,
the limit was about 4.51 . The limits for both instruments
were determined visually by inspection of plate exposures of
standard beads. From the results of Scobie (99), a minimum
value for this line was at least 50' of Rh in a 100-mg bead.
Ruthenium:- Ru 3436 was found to be suitable for the chondrite
analyses. As based on plate inspection, Ru 3436 was detectable
to a minimum represented by 4' of Ru in a 55-mg bead.
Osmium:- Although Os was not detected in any of the dore
beads, an inspection of the standard spectrograms indicated
that Os 2909 would be detectable in 55-mg beads to a limit of
about 2Y and 5' for the Hilger and Wadsworth instruments,
respectively.
A summary of the spectral analysis lines used in this
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research together with their detectability limits for each of
the spectrographs is given in Table 111-3. The omission or
bracketing of an analysis line in the tabulation indicates
that the corresponding element was not present in the dore beads
obtained from the fire assays. For convenience, the detecta-
bility limits are expressed in percent as well as in gammas.
In the table, H signifies Hilger and W, Wadsworth. The arc
intensities have been taken directly from Harrison (55).
Table 111-3. Spectral analysis lines and their
minimum detectability limits in 55-mg
silver beads.
Analysis
Line
Au 2676.0
Au 3122.8
Pt 3064.7
Pt 3064.7
Pd 3242.7
Pd 3242.7
Rh 3191.2
Rh 3434.9
(Ir 3220.8)
Ir 3220.8
Ru 3436.7
(Os 2909.1)
(Os 2909.1)
Arc
Intensity
250 R
500 h
2000 R
2000 R
2000 wh
2000 wh
300
1000 R
100
100
300 R
500 R
500 R
Minimum Detectability
0.3 0.0006
0.6 (?) 0.001 (?)
0.3 0.0006
2 0.0035
0.4 0.0007
2 0.004
1.5 0.003
1 0.002
1.5 0.003
4.5 0.009
4 0.00
2 0.005
5 0.010
Instrument
As mentioned above, the 0.6-4 value for the detecta-
bility limit of Au 3122 (Wadsworth) seems doubtful when com-
pared with 4 as reported by Seath and Beamish for the same
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spectral line. This discrepancy may be the result of a
weighing error in making up the PM alloys (S-series), one of
which (S6) was used as a standard for preparing the working
curve for Au 3122 and from which the minimum value was ob-
tained. In making up the standard S-1, if the amount of gold
added to the silver base was more than it was read to be on
the balance, then this would lower the detectability limit
(p. 206). Such a weighing error would also affect the
evaluation of Au content in the chondrite beads, and this
fact has been noted on page 96.
It is apparent from Table 111-3 that when the mini-
mum detectability limits of Pt and Pd for each instrumental
method are compared, the threshhold of detection for the
Wadsworth is about five times higher than that of the Hilger
method.
It might be noted here that with the exception of
the PM bead (36) used for evaluating Au 3122, the same stan-
dards (B-series) were arced on both instruments. Hence by
comparing the differences in relative intensity values as
obtained from the calibration curves for Pt 3064 and Pd 3242
from each of the standards of varying PM concentrations and
for each instrument, some measure of the difference in sensi-
tivity between the two spectrographic procedures may be had.
From such a study it was found that with the arcing condition
standardized for each instrument, the Hilger had about four
times the sensitivity of the Wadsworth. Thus the Hilger
method not only had a lower threshold of detection but it was
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also more sensitive than the Wadsworth method and indeed by
a factor of 4 to 5 in each case.
Volatilization Properties of Precious Metals
In the research on the arcing characteristics of
the PM's, volatilization studies were made to determine their
sequence of distillation as well as their individual endpoints,
and from this, the exposure periods used in the analysis. In
brief, the procedure was to arc standard alloy beads of
similar weight (-, 55 mg) on each spectrograph without the
step sector, and to rack down the plate 3 mm at 20-sec inter-
vals to make a time-intensity spectrogram. The slit height
was set at 2 mm for both instruments. Deflection readings
were then taken on the PM spectral lines and a distillation
plot as well as individual characteristic plots were compiled
from the data.
Fig. 13 shows diagrammatically a typical distilla-
tion plot run on the Wadsworth spectrograph and prepared from
the timed exposure of a 54.2-mg bead containing about equal
amounts of PM's totalling 1%. The plot gives the sequence
of distillation; and the shapes of the curvesj qualitatively/
show the emission characteristics of the PM's. As a basis
for comparison, Ag, Pd, Cu, and Fe also are shown. It is
apparent from the curves that the emissivity sequence for
the PM's is in the order Au, Pd, Pt, Rh, Ru, Ir, and Os which
would be the general order for residual traces of PM's to
remain in the electrode during a discharge. The period of
9~ I,.
..... --------  
------ 
-
------- 
------ +
N"r -
I
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maximum distillation of Au and the platinoids varies from
about 1 1/2 to 4 min. The approximate sequence of emission
for silver and the PM's together with their peak emissivity
intervals are given in Table 111-4 which includes the melting
points for each of the PM's.
Table 111-4. Relationship of order of
emission and melting points
for Ag, Au, and the platinoids.
Approximate Period of Maximum Discharge Melting Point (0c)
Ag 1/2 - 1 1/2 (minutes after are is struck) 960.5 (62)
Au 1 1/2 - 2 1063.0
Pd 1 1/2 - 2 1554.0
Pt 2 - 3 1773.5
Rh 2 1/2 - 3 1966
Ru 2 1/2 - 3 1/2 2500 +100
Ir 3 - 3 1/2 2454 3
Os 3 - 4 2700±
It is quite apparent from the tabulation that the sequence of
emission of the metals from the electrode is closely related
to the melting points of the metals. The general order of
selective volatilization here checks fairly well with that
reported by Goldschmidt and Peters (45) and Peters (92).
From this investigation it was decided to allow an
exposure time of o':15" to 6':00" for the dor6 beads obtained
from the assays of chondrite samples. The effect of back-
ground caused by the early exhalation of silver was not
detrimental to the reading of any of the spectral lines as
was found to be the case with the dore beads arced on the
Hilger spectrograph (see below).
In the course of the investigation it was found that
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the grating instrument was not sensitive enough to detect,
with any degree of accuracy, the PM's in dore beads repre-
senting assays of 20-g rock samples which was the initial
weight of samples used in the fusions. Consequently research
was continued with the Hilger and this time it was decided to
also increase the sample weight to 45 g. By increasing the
sample weight the concentration factor (sample weight/dord
bead weight) was raised from about 370 to 800 as based on a
55-mg bead (p. 222). Again the selective volatilization of
the PM's was investigated and in a concentration range com-
parable to what might be expected in dore beads from rock
assays.
Time-intensity plots were prepared and the example
volatilization curves shown in Fig. 14 and 15 for Pt 3064 and
Au 2675 are typical of the curves obtained for the other PM's.
As shown, the spectral line deflection values (densitometer)
for each standard (S-series) are plotted against arcing time.
The major depressions in the curves represent peak emissivity
periods because the smaller deflection values indicate a more
intense spectral line or that is, a greater amount of metal
emitted at that time than the higher deflection values.
Individual curves are designated S4, 55, etc., and represent
standard alloys (- 55 mg each) which range in concentration,
as for example for Au, from 0.011% (34) to 0.00014% (38).
It may be seen from these curves that the peak
emissivity regions lie well within the 2 to 4-min period of
arcing. This also was observed for the volatilization of
216.
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Pd 3242 and Rh 3191. Furthermore, as the PM concentration
decreases (S4 to S) it is seen that the peak for Au 2675
and Pt 3064 shifts towards the early period of discharge
indicating a shift in the endpoint. This was also found to
be true for Pd and Rh. It was also found that the peak
emissivity period shifted towards the 3 1/2-min interval
but did not exceed it when 56 to 60-mg standards were arced
(not shown).
Utilizing this information it was decided to open
the shutter of the spectrograph 2 min after the arc was
struck and to keep it open for 100 sec (to 3':40") after which
time the exposure was terminated. In the case of dore beads
weighing more than 56 mg (i.e., 55-60 mg) the exposure was
stopped after 120 sec of exposure (to 4':00"). For any dore
beads weighing 50 to 55 mg the exposure was started 1 1/2 min
after the are was struck and was terminated at 3':40".
Particular attention was given to the start of the exposure
because the strong exhalation background from Ag 3280 which
was emitted relatively early in the discharge tended to
obscure Pd 3242, and by allowing much of the silver to
volatilize before the shutter was opened, the background
effect was reduced. Another adjustment made in the arcing
procedure to minimize background in the vicinity of Pd 3242,
and this was developed in conjunction with the volatilization
tests, was to make a quick rack-down of the plate at 2t:37".
In this way the residual silver emanation from each bead was
distributed over two spectrograms (see also p- 220). This
practice was necessary even at the expense of losing an
216.
equivalent of about one to two seconds of spectral energy
from the discharge during the rack-down. In the majority of
the cases the peak discharge occurred about ten seconds after
the rack-down. About 95% of the total energy emitted by each
of the PM's during the discharge was recorded using the
chosen exposure period(s) and the rack-down manipulation.
Arcing Method
When the instrument settings had been made and
checked and a plate loaded in the plate holder, the spectro-
graph was ready for manipulation. The sector was clamped
into position and the sector rotated.
The electrodes were placed in position and before
putting the bead in place the arc was struck for a few seconds
to remove any surface contamination. The cleaned and weighed
dore bead was placed in the lower electrode, the anode, with
the base of the bead uppermost. The size of a bead (^J55 mg)
had been standardized so that when it was placed in the
electrode cup it fit snugly and its upper surface was about
flush with the intersection of the vertical base and the 450
cut of the funnel (Fig. 12). It is noteworthy that Scobie (99)
found that wide differences in bead size caused a variation
in arcing characteristics with resultant erroneous concentra-
tion values. Then, with the shutter closed, the arc was
struck by briskly drawing a clean graphite electrode across
the gap. The instant the circuit was completed a timing
clock was started.
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For analyses on the Wadsworth instrument (chondrites),
the shutter was flicked open at the 15-sec interval and the
exposure was stopped after 6 min. On the Hilger machine, where
timing and instrument manipulation were synchronised to alleviate
intense background effects from silver exhalation, the shutter
was opened after 2 min (1 1/2 min for 50-55-mg beads). The
exposure was taken for 37 sec (or 2':37") and at the end of
this interval the plate was quickly racked down 13 mm with the
shutter open, so that a second spectrogram was taken from
2':39" to 3'40". For dore beads which ranged in weight from
56-60 mg the second exposure period was increased to 4':00" as
an assurance that all PM's had been completely volatilized.
The timing procedure for the Hilger instrument may be summarized
as follows:
arc struck
O':00" - l':30" shutter closed (<55-mg bead)
- 21:00"1 shutter closed (p55-mg bead)
2':00" - 21:37" first exposure
2':37" - 2':39" plate rack-down
2':39" - 3 ':40" second exposure (<55-mg bead)
- 4':00" second exposure (>56-mg bead)
shutter closed
Thus for each dore bead arced on the Hilger spectro-
graph, two stepped spectrograms were obtained for plate cali-
bration. With the settings used, 7 spectrograms, one per bead,
per plate were obtained with the Wadsworth procedure; and 6
spectrograms, two per bead, per plate with the Hilger procedure.
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After each plate was exposed it was removed from the plate
holder in darkness and carefully marked (numbered) with a
diamond point. Prior to processing, the plates were
placed in a light-proof box and stored at room temperature.
Spectrographic Plates and Processing
The high-speed, medium contrast, Eastman 103-0 type
of spectrographic plate was used for all exposures on the
grating instrument. On the Hilger machine, most satisfactory
results were obtained with the Eastman 111-0 plate which is
a high-speed high-contrast type. This was so since testing
with the Hilger method as outlined above showed that even
with the optics of the instrument masked together with the
rack-down procedure for distributing the Ag exhalation between
two spectrograms, there was still a marked background effect
on Pd 3242 from Ag 3280 using the 103-0 plate. But with the
111-0 type of plate, the background was notably reduced and
as a result the intensity of the Pd 3242 was enhanced for
more accurate densitometer responses.
Exposed plates were processed in batches of 12 in
three converted storage battery cases. In darkness, the plates
were carefully loaded vertically, one by one, into a rack-
like tray, which could fit into any of the battery cases. The
plates were so arranged that the emulsion side of each faced
the glass back of the immediately adjacent plate. The loaded
tray was placed in the first tank of full-strength Kodak D-19
solution at 200 C and continuously agitated by jigging for
221.
5 min. After rinsing for 30 secs in running water at 20-22 0C,
the tray was placed in the battery tank of full-strength
Ansco fixer solution at 210 C and agitated for 20 min. The
lights were turned on after 2 min in fixer. After fixing,
the tray was placed in the third tank and washed for 30 min
in running water at 200 C. The temperature of the water was
controlled by adding ice cubes to the wash tank. After
washing, the plates were sponged and dried in warm air.
Developer and fixer solutions were replenished so
that 960 sq in. of emulsion were processed per gallon of
solution.
Determination of PM Content in Sample
Each plate was calibrated from densitometer readings
of the step-sector pattern for each of the chosen PM spectral
lines by plotting the resultant readings for each of the lines
on log-log paper to obtain a plate calibration curve. The
relative intensity for each line was obtained from its correspon-
ding curve, and by transposing this intensity value to its
respective working curve, the percent PM in the arced bead
was obtained. The calculation to determine the PM in the
original sample was then computed as follows:
dore' Wlx x 3 % PM
W2
222.
where: dore = dore' bead value (from working curve),
W1  = sample weight in g,
W12 = dore bead weight in mg,
% PM = % PM in sample
then: % PM was converted to ppb on the basis of
1 x 10-7% a 1 ppb.
Thus -1 x 103 is a concentration factor which will vary
W2
for each of the samples analysed. Using a mean W2 of 54.7 mg
r-~' the concentration factors for 45-g and 20-g rock
samples are 820 and 365, respectively. In the case of a
200-g slag reassay, the factor is 3650 and similarly that for
a 50-g cupel reassay is 900.
Preparation of Standards
The method of preparing standards by alloying and
diluting weighed amounts of PMts with pure silver followed
that devised by Goldschmidt and Peters (45) who reported that
such a method of alloying would form a truly homogeneous
mixture.* The method used here differed from Goldschmidt's,
however, in that silver was used as the base metal rather than
lead; see also (59). The preparation of homogeneous PM alloys
was based on the fact that each of the PM's formed a continuous
* For wet methods of preparing PM standards see for example
(97), (99).
solid solution with silver when alloyed at relatively low
concentrations (81).
Two series (B and S) of 9 beads each (18 in all)
were prepared, covering a concentration range from 0.30-
1.22% to 0.0019-0.0076% for each of the PM's.
For each initial alloy, approximately 1000.0 mg of
0.001-in, silver foil (CP) was weighed out and to this was
added 5.0 to 10.0 mg of each of the platinum metals (sponge-
form) and fine sheet gold. The platinum metals were 99%
pure and had been obtained from the Fairmont Chemical Company
at Newark, N.J.; the fine sheet gold and silver were obtained
from the M.I.T. Laboratory Supplies Division. Weighings were
made on a non-damped Becker chainomatic balance. The silver
foil and gold were handled with tweezers and the powdered
platinoid metals were transferred by means of "toothpicks"
which were discarded after each transfer.
After weighing, the metals were carefully wrapped
in the silver foil, placed in a graphite crucible (Fig. 12)
and melted at 10000 C in a small tube furnace (Photo. 9).
After annealling for 3 min at the same temperature, the melt
was quenched by immersing the crucible in water.*
After the resulting bead (Bl, 51) was dried and
cleaned with cellulose tissue, it was weighed and then pressed
to a thickness of about 0.5 mm between two stainless steel
plates in a hand vise.** The pressed bead was then clipped
* Method suggested by Professor (Visiting) C.W. Wagner.
**Professor F.E. Beamish (private communication) indicates that
"flattening the bead is inadmissable" in preparing a standard
for the evaluation of iridium.
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Photo. 9:- Electrically-heated tube furnace used for preparing
standard metallic alloys. The graphite crucible containing the
metals was placed into the furnace and the front opening was sealed
with the shaped refractory brick (right foreground). After heating
to 10000 C and holding for 3 minutes, melt was quenched to room tem-
perature by dropping crucible into water.
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into small pieces and about 400.0 mg was added to about 600.0 mg
of silver. This mixture was alloyed, quenched, etc., to form
the second bead (B2, S2). On successive dilution of this bead
and other beads using the same amount of bead sample and silver,
two series of 9 standard PM alloys, each decreasing in concen-
tration by 1/3 of that in the previous alloy, were obtained.
A clean crucible was used for each melt.
These PM alloys were then arced both on the Hilger
and Wadsworth spectrographs and the results compiled into
calibration curves and finally working curves, which were
used for evaluating the contents of PM's in dore' beads from
assaying.
Calibration Curves
For a general account of the various methods used in
constructing calibration curves, the reader is urged to consult
Ahrens (3). As mentioned above, the rotating step sector was
utilized for obtaining a graded series of integrated relative
intensities for each spectrogram. Since this method has been
described in detail, for example by Dennen (36), only the
essentials of the technique are outlined below.
By plotting do/d-1 values* on a suitable log scale
(ordinate) against respective exposure steps (arbitrarily
numbered 0, 1, 2, 3, 4, and 5) on a linear scale (abcissa),
* Where d is the densitometer deflection for the spectral line
and do is the deflection for the clear glass plate (a 50)
(Scheme of plotting suggested by Professor L.K. Ahrens).
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a smooth calibration curve was obtained for each of the
analytical spectral lines used for the PM's. Background
intensities were found to be weak and fairly constant for each
of the analytical lines, with the exception of Pd 3242, and
therefore were not evaluated in determining the relative
intensities for each of the P's. In this respect Professor
L.H. Ahrens (private communication) stated that most spectros-
copists find that the subtraction of background values tends
to over-compensate the relative intensity values as evidenced
by an accentuated working curve. Furthermore, it was found
in this research that when background was considered in con-
structing a working curve, the curve was found to be steeper
in slope but there was a tendency for error because curve-
fitting was more difficult. This was a consequence of the
wider scattering of points obtained with the corrected
intensity values as compared with those which were uncorrected
for background (Fig. 20). Two calibration curves per element
were obtained with the plates from the Hilger method because
invariably some of the PM's were emitted either during or
before and after the rack-down of the plate. From the
individual calibration curves, the relative intensity for each
analytical line was obtained by noting the abcissa value at
the intersection of its curve and an arbitrary ordinate value
which was taken at the latitude of the curve and kept constant
for each PM. In the case of a double spectrogram (Hilger) the
two relative intensity values for each PM, if obtained, were
added together.
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A typical set of calibration curves for Pt, Pd,
and Au evaluated for the dore' bead from a duplicate assay of
sample 43 is given in Fig. 16. As shown, two Au curves
(Au-1, Au-2) are present since Au was emitted before and
after the plate rack-down (Hilger). It may also be seen
that the background plot for Pd (dashed line) trends parallel
to the curve for the Pd spectral line (full line). This
parallel relationship for Pd 3242 and its immediate back-
ground was found to be characteristic for each of the calibra-
tion curves.
The gamma*-values for the calibration curves using
the 103-0 type plate (Wadsworth) average 2.1 and for the
111-0 type plate (Hilger), 1.7.
Thus each PM line (and plate) was calibrated and
the resulting photographic response converted graphically to
an equivalent relative intensity value. These relative
intensity values were then transposed to respective working
curves for evaluating the % PM in the bead.
Working Curves
For each PM detected in a dora bead, a working
curve - sometimes referred to as a standard analytical curve -
was constructed to convert the relative intensity of its
analytical line (from calibration curve) to a percent concen-
tration value. In brief, each working curve was obtained by
* Gamma is a measure of the emulsion contrast, see Ahrens (3).
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plotting on log-log coordinates, the relative intensity of
each of the PM analytical lines against the respective con-
centration of each PM in one or more of the standard alloy
beads. No internal standard was used.
Individual P, working curves were prepared for
both the Wadsworth and Hilger spectrographs and these are
discussed below in conjunction with Fig. 17, l, 19, and 20.
In each of the figures, with the exception of Fig. 20, the
plotted points are mean intensity values compiled from 9
arcings of one or more of the standard metal alloys (see
above). In the construction of curves, individual intensity
values as well as the mean intensity values were used for
curve-fitting.
Gold:- Individual working curves were prepared for Au 2675
and Au 3122 (Fig. 17, 19). The curve used for the evaluation
of Au 3122 in chondrite beads is the "single-point type" and
was found to suffice for the range of Au values detected
(0.001% - 0.003%). The slope of the line was arbitrarily
taken as the mean of the other PM curves shown for the Wads-
worth instrument (Fig. 19). As mentioned above, the standard
alloy, S-6, which was used for evaluating Au 3122, was the
only alloy from the S-series of beads used in this research.
This was a consequence of the Bl-B5 alloys arced on the Wads-
worth not having a low enough Au content (0.84% - .02%) to
evaluate the relative intensity of Au 3122 exhibited by chon-
drite beads. At the time of arcing, B6-B9 alloys had been
used up and therefore it was decided to are the S-group of
standards.
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As noted on p. 210, the Au content in the S-group
may be questionable as a result of a weighing error. However,
the intensity of Au 3122 in the chondrite beads was so un-
expectedly faint that Au 3122 may have been suppressed
possibly by the hi:;h concentration of platinoids in the chon-
drite beads. Consequently the actual method of arcing on the
Wadsworth may not be susceptible in picking up Au 3122. There
is always the possibility too that the actual content of Au
in the chondrite beads was low either as a result of assay
losses (p. 246, etc.) or as a result of a fortuitously low
gold content in the chondrite samples.
The workin7 curve for Au 2675 in Fig. 17 appears
to be the toe section of a major curve which would extend
above a concentration of 0.02%. It will be noted that there
is a tendency for the B7-B10 points to show a slight scattering
and consequently the fitting of the curve below 0.001% is
arbitrary. The bulk of the concentration values detected,
however, was greater than 0.001%. There is no indication of
self absorption for Au 2675.*
Platinum:- Two working curves were prepared for evaluating
Pt 3064. The curve used for the Hilger analyses (Fig. 17)
is the extended S-for which is typical of these curves
indicating self absorption at higher concentrations. Since
over 90% of the Pt analyses were confined to the concentra-
tion range between 0.001% and 0.010%, the less distorted
section of the curve, the tendency for self absorption in the
* For a detailed discussion of self absorption see Ahrens (3).
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O.03C region, for all practical purposes, could be neglected.
The mean intensity value for B6-standard was not equally
weighted with the other values in constructing? the curve
since it appeared low in magnitude.
It should be noted that the mean intensity value for
a faint but constant ON line was subtracted from each of the
intensity values (dore beads) for Pt 3064. This ON line coin-
cided with Pt 3064 and its mean intensity value was determined
by arcin' several blanks prepared from the silver foil used
in the standard alloys. It was identified as ON by arcing
bare electrodes for periods of differing exposure time whereby
it was found to increase in intensity as the exposure time
was lengthened.
In Fig. 19 the working curve for Wadsworth analyses
seems to be a transposed continuation of the Hilger curve
(see above) and thus reveals a continuation of the self absorp-
tion property for Pt 3064. Here, however, self abeorption is
not as marked as the curve for the Hilger analysis and the
slope of the curve was steep enough to provide sufficient
accuracy for the overall experimental method used in this
research.
Palladium:- Three separate working curves were employed for
the analysis of Pd in the dore beads.
The working curve used for Vadsworth analyses (chon-
drites) in the concentration range 0.015% to 0.120% is shown
in Fig. 19. It is a three-point curve and the increasing
positive slope of the curve towards the higher concentration
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range indicates that self absorption effects are lacking. The
effect of Pd contamination (see below) was negligible.
As shown in Figc. 18 two working curves were used for
the analysis of Pd in dore heads from rock samples. Curve A,
which was constructed from relative intensity values corrected
for background, was used in the concentration range from
0.00025" to 0.002". This working curve was utilized when some
of the dore beads gave spectrograms having a weak but variable
background intensity relative to the line intensity of Pd 3242.
Such beads apparently were relatively high in lead compared
with the silver present (see p. 196). With the lead volatiliz-
ing early, followed by shorter than average period of silver
exhalation, the usually constant background from Ag 3280 was
considerably reduced.
It should be noted here that curve A was not corrected
for Pd contamination as will be described below (curve B) since
the resultant point scattering decreased the accuracy of the
curve-fitting. The contamination in the dore bead was corrected
for by subtracting an amount equal to the Pd content of the
silver foil (0.0001').
Working curve B was constructed from intensity
values corrected only for Pd contamination in the silver foil.
This was done by subtracting the average relative intensity of
Pd 3242 contained in the silver foil from the intensities of
Pd 3242 obtained for each standard. The points shown in
Fin. 18, with the exception of B9, fall on a smooth curve which
reveals some tendency for self absorption above 0.020% Pd.
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If both curve A and B were used for the evaluation of intensity
values for a bead, and this was possible in the intensity range
from 10 to 60, two concentration values were obtainable. For
such a bead, the mean value was used if the difference between
the two values was small (i.e.,--'0.0005%). If the difference
was greater, the higher of the two values was arbitrarily
chosen as the percent concentration.
Rhodium:- A three-point working curve was used for analysing
Rh 3434 in chondrite beads (Fig. 19). In the concentration
range shown (0.010% to 0.200%) Rh 3434 reveals only minor self
absorption.
In Fig. 17 the working curve for Rh 3191 is a single-
point type and was utilized for determining four concentration
values lying within the range 0.032%-0.065% in each of two
duplicate assays made on rock samples.
Iridium:- The working curve for Ir 3220 was used for the analy-
sis of dore beads obtained from chondrite assays. The range of
concentration values investigated was between 0.012% and 0.023%
(Fig., 19). As shown the curve approximates a straight line.
Ruthenium:- Ru 3436 was used as a single-point curve for
evaluating Ru in chondrite beads in the concentration range
from 0.139% to 0.176% (Fig. 20). The line shown was arbitrarily
drawn at a slope of 45 degrees.
Summary
A recapitulation of the types of PM working curves
utilized in this research together with the concentration range
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for each in which about 90% of the analyses was evaluated, is
given in Table 111-5. In the tabulation, SP signifies
single-point; MP, multiple point; H, Hilger; and W, Wadsworth.
Table 111-5.
Instrument
W
H
W
H
W
H
W
H
W
W
Working curve data.
Curve
3p?
MP
MP
TP
MP
MPI
APl
SP
MP
SP
Operating range
0.0010 - 0.0015%
0.0008 - 0.0015
0.020 - 0.500
0.0007 - 0.030
0.020 - 0.013
0.0007 - 0.030
0.012 - 0.110
0.032 - 0.065
0.012 - 0.140
0.010 - 0.050
Precautions Followed to Prevent
Contamination During Arcing
Apart from the standard practice of pre-burning the
electrodes for a few seconds prior to arcing to eliminate
surface contamination, special attention was given to the
general order of arcing both for the dore' beads and for the
standard metal alloys. The sequence of arcing, as was
suggested by Goldschmidt and Peters (45), was kept from low-
grade beads to high-grade beads. In the case of dore' beads,
the order was based on the general assumption that the PM
content increased with the basicity of the rocks. By this
procedure, the amount of possible contamination if any,
PM
Au
Au
Pt
Pt
Pd
Pd
Rh
Rh
Ir
Ru
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passed to the succeeding bead would be negligible. Further-
more, the spectrographic laboratory was kept under moderate
exhaust ventilation during the arcings and this would help to
remove any PM vapours in the air. The influence of contamina-
tion from the upper electrode on successive arcings has been
investigated by Scobie (99). He found that in the case of Au,
an amount of about 0.1% of the percentage in the bead arced
was carried over to the following arcing.
Duplicate beads were arced one after the other using
the same upper electrode which was sharpened each time. After
a duplicate pair of dore beads was arced, the electrode was
discarded. Prepared electrodes were kept in sealed glass
containers and were handled only with clean rubber gloves
before and during the arcing procedure. In addition, the
electrode holders were cleaned with cellulose tissue after
duplicate runs.
Reproducibility and Precision of Arcing
Method
After the two spectrographic procedures were
established, standard alloys containing known amounts of each
of the PM's were arced to obtain relative intensities for the
construction of working curves (see above). The relative
intensities so obtained were also investigated statistically
to determine the standard deviations of the two procedures.
The results of the investigation are presented
graphically in Fig. 21 which shows reproducibility data
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obtained for each of the PM's with both the Hilger (grey)
and Wadsworth (red) spectrographs. Standard deviations
(ordinate) are plotted against the B-number of the standard
alloy arced (abcissa). It should be noted that the order
Bl to B10 is the order of dilution, that is the order of
decreasing concentration of PM's in the standard alloys.
The results are principally from 9 separate arcings* of each
of the standard metal alloys of the B-series as noted and the
computations are based on relative intensities uncorrected
for background or contamination. A mean standard deviation
for each element is given for each instrument and this mean
was computed by weighting each of the standard deviation
values obtained for each alloy by the number of relative
intensity values used in its computation. The standard
deviation for Ru in position B5 is from 4 separate arcings and
that for Au (red) in position B8 is from 8 arcings of 36 alloy.
This value for 36 was placed in position B8 because the con-
centrations of Au in the two alloys were alike.
Discussion of Fig. 21.
Standard deviation values indicate that reproduci-
bility for both machines is only fair to good. The mean per-
cent standard deviations for the PM's range from 6 to 26% with
the overall average being about 15% as weighted by the number
of alloy beads arced for each PM. A comparison of the two
* Although 9 arcings were performed on all but one of the
alloys (Ru-B5), a few of the relative intensity values
were very erratic and these were discarded in evaluating
the standard deviation values.
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instruments reveals that similar metal alloys arced on the
Wadsworth have better reproducibility than that for the
Hilger - at least in the beads with higher PM values, (i.e.,
lower numbers of the B-series). The weighted mean for the
Hilger analysis is about 20% and that for the Wadsworth
about 11%. It is also notable that reproducibility tends to
go from good to fair (increase in percent SD value) as the
concentration of each PM decreases. This trend has also
been recognized by spectrochemists.*
Each of the percent standard deviations for Pd,
Pt and Au are about the same for each instrument, i.e., 16-25%
on the Hilger and 6-9% on the Wadsworth. The highest percent
standard deviation values were obtained with Ir and Ru
(25-26%).
It might be mentioned that Scobie (99) found
reproducibility to be somewhat lower than that obtained in
this investigation by using metal electrodes which were
mechanically fixed to prevent arc wandering. He also found
the order of increasing standard deviations to be Au, Rh,
Pt, Pd, and Ir which, in general, is similar to the order
observed in this work.
Perhaps the low reproducibility (-15%)**obtained
here may be partly accounted for by the method of preparing
* Personal communication with Professor W.H. Dennen.
** According to Professor W.H. Dennen (personal communication)
the mean percent standard deviation of 15% is "not bad"
for spectrochemical analysis without an internal standard.
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the standard metal alloys. Even though proper care was
taken to prepare homogeneous mixtures of PM's and silver by
melting and quenching, it may be that some unmixing of Au
and platinoids took place during cooling. Also the reluc-
tance for Ir to alloy with Ag may be the reason for the poor
reproducibility associated with Ir. Barefoot and Beamish
(13) found that even with Ag:Ir equal to 200:1 (i.e.,
0.5% Ir in a 50-mg bead), Ir tended to collect as the oxide
on the surface of the bead. Consequently in this research,
some of the Ir may not have been homogeneously distributed
in the alloy and furthermore even though iridium oxide was
not visible microscopically on the standard alloy beads,
some may have been lost directly to the graphite crucible
when an alloy bead was extracted for weighing or lost when
the bead was pressed (p. 223).
In any event the slight differences In bead sizes
arced (53.0-56.0 mg) together with the possibility of the
electrodes wandering slightly during the arcing would cause
some irregularity in the results.
The standard deviation values evaluated for the
PM's may be considered to approximate the overall precision
of the spectrochemical procedure. Thus the precision of a
single Hilger analysis would probably be about 4'20% (of
the concentration value determined in a dore bead) and that
for the Wadsworth procedure about ± 11%. The overall pre-
cision of the spectrochemical procedure as based on the mean
standard deviation of 15% would probably be in the order of
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± 10% (i.e., 15/ /7) of the concentration reported.
Summary and Conclusions
For each of the Wadsworth and Hilger spectrographs
a quantitative all-dry silver bead spectrochemical procedure
utilizing a d-c arc with anode excitation in conjunction
with a step sector was designed and adopted for evaluating
concentrations of gold and platinoids in dore beads obtained
from the fire assaying of chondrites and rocks.
In the course of the investigation the selective
volatilization of the PM's was studied to determine the
optimum exposure periods and it was also found that the
emission sequence of the PM's was closely related to their
melting points.
Standard deviation values were presented to indi-
cate the "fair" to "good" reproducibility of each of the
spectrographic methods and from this the overall precision
of the spectrochemical procedure was estimated to be in the
order of - 10% of the percent concentration evaluated in a
dore bead. The Wadsworth method was found to be more
reproducible than the Hilger method and this seemed to be
related to the concentration of PM's in the alloy metals
arced.
Minimum detectability values for each of the
analytical lines were determined and these ranged from about
0.3 to 5 depending on the PM and the method. From a
study of the minimum detectability values for Pt and Pd
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together with the magnitude of the differences in their
relative intensities obtained for the same standard alloys
by the two methods, it was determined that the Hilger method
had not only a lower threshold of detection but also a
greater sensitivity than the Wadsworth method and in each
case by a factor of about 4 to 5.
The background caused by monochromatic exhalation
of silver was minimized in the Hilger method by:
(1) masking the quartz optics of the spectrograph;
(2) using a high-speed high-contrast plate;
(3) decreasing the exposure period; and by
(4) manipulating the apparatus to produce a
double spectrogram for each analysis.
Consequently about 95% of the total energy emitted in a dis-
charge was recorded.
Standard metal alloys were prepared by silver
dilution and arced, to obtain data for calibration curves
and finally working curves which were used to evaluate the
percent concentration of PM's in the dore beads.
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ANALYTICAL LOSSES
Introduction
As mentioned on p. 178 losses of Pt, Pd, and Au
from fire assaying were unexpected in view of a survey of
the references pertinent to the method used in this research.
Goldschmidt and Peters (45) and Peters (92) were the only
geochemical references which explicitly referred to losses
of Os and Ru as a result of volatilization as oxides
during cupellation. A few of the other references mentioned
the possibility of losses but apparently no attempt was made
to evaluate them. A further survey of the literature
revealed that Rh and especially Ir were extracted by lead
collection only with great difficulty (see below) and there-
fore it was decided early in the research to pursue the
investigation chiefly for the determination of Au, Pt, and
Pd because with these metals losses were apparently negligible.
A survey of the fire-assay literature per se
revealed the following facts on losses of PM's incurred
during the assaying of dore' beads obtained from sulphide
fusions. Fulton and Sharwood (40) reported combined slag
and cupel losses up to 3ffor Au (5% for Ag) in copper ores,
and 1% slag losses in simple ores. According to Shepherd
and Dietrich (102) slag losses for PM's should be less than
0 . Bugbee (23) states that the dore bead will retain
"practically all" of the Pt, Pd, and Au (and Ag) but some of
the others (Rh, Ir, Ru, and Os) will be lost by oxidation
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or to the cupels. Adam and Westwood asserted that Au (and
Ag) are more easily collected than the platinoids (1).
Seath and Beamish (101) evaluated losses up to 15% in the
total recovery chiefly of Pt and Pd from nickel ore concen-
trates (18.6% NiO, 50% Fe203, 11*6% CuO, and 16% S102) con-
taining 15.0 mg total PM's (69.0% Pt, 27.2% Pd, 3.4% Au,
and 0.41% insoluble platinoids). They found that high
concentrations only of nickel oxide were deleterious to
efficient collection of PM's in a lead assay button.
According to Plaksin and Marenkov (94), who investigated
the effect of physico-chemical factors on the losses of the
PM's, losses increased with the length of the oxidizing
fusion time, and the higher the temperature, the greater the
loss of Pt. Gold loss was insignificant; Pt varied from
1to 2 ; Rh was about 1%; and Ir was the greatest ranging
from 2 to 4%. They concluded that losses could not be
accounted for either by oxidation or by volatility. Thiers,
Craydon, and Beamish (107) reported Ru losses up to 30%
under varying assay conditions, with the losses for cupella-
tion being greater than for slag retention. An investigation
of Rh by Allen and Beamish (8) for various Rh salted charges
revealed losses up to 20% in slags. Barefoot and Beamish (13)
reported variable Ir losses up to 80% for low silica slags
(negligible for bisilicate slags 1) and up to l% for cupella-
tions. In fire assaying under ideal conditions, Allan and
Beamish reported 1 to 6% Os losses with the losses being
distributed between slag and cupel retention as well as
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escape of the octavalent oxide (9). A fortheoming publica-
tion on losses by Professor F.E. Beamish and co-workers
states that "rhodium and iridium tend to be lost mechanically
during the cupellation process, even if the two metals are
present in very small amounts. It has been the experience
of the authors that some rhodium and iridium are lost from
beads in which the ratio of silver to rhodium - iridium is
as high as 1000:l1."*
From this survey it was thought that since the
general concentration range to be investigated was in the
order of 50 to 1000 ppb**, the PM losses, with the exception
of Os, Ru, and Ir and possibly Rh, should be low enough to be
neglected as was done by the Goldschmidt school of geochemists
as well as for example by Hawley, Rimsaite, and Lord (59).***
It was supposed that the losses at least for Pt, Pd, and Au
would be no more than about 10%, and with the arcing method
used (lack of internal standard, etc.), a 10% loss value
would lie within the overall accuracy of the spectrochemical
procedure which was later evaluated to be of this magnitude
(p. 244).
In the meantime, the dore beads, which had been ob-
tained from 20-g samples of chondrites and several rock types,
were arced on the Wadsworth together with some reassays of
* Personal communication with Professor Beamish (University of
Toronto).
** Estimated from the literature and in particular Rankama and
Sahama (95).
*** Professor J.E. Hawley and co-workers (Queen's University)
are now experimenting with electrolytic and wet chemical
methods for pre-concentrating the platinoids (personal
communication).
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individual slags and cupels for both types of samples. The
chondrite spectrograms showed measurable PM lines (with the
exception of Os), but the analytical lines on the spectro-
grams of rock assays were too faint for accurate evaluation.
The plates from the reassay beads were blank. At this stage
it was concluded that assay 1.gses for chondrites were low
enough to be neglected, The spectrographic research was then
transferred to the Hilger instrument and a second suite of
rocks was collected, crushed, fused, and cupelled.
Even though this initial attempt of detecting PM
losses was unsuccessful, a series of reassay charges was pre-
pared from composite samples of slags and cupels made up from
the assay products of the second suite of rocks (p. 179).
When the resulting dore beads were eventually analysed it was
found that losses of Pt, Pd, Au could not only be detected
but in many cases they could be evaluated.* To absolutely
confirm these high losses of Pt, Pd, and Au in the composite
reassays, some individual rock samples were assayed and each
of their assay components reassayed separately. It was found
to be true. At this time it was impossible to re-evaluate
losses individually for each of the previously assayed rocks
because laboratory facilities were not available and further-
more the slags and cupels had either been mixed for composite
reassays or discarded.
Therefore, when the investigation was completed
* As far as the writer knows, this is the first serious attempt
to evaluate PM losses incurred from fire assaying in the
trace element concentration range.
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most of the loss data available was for composite reassays of
slags and cupels from rock types rather than for individual
rock specimens. In addition, little information was available
on the possible losses that may have occurred during the
chondrite assays. Furthermore, losses were found to be sub-
stantial for the rock assays and therefore it was deemed
necessary to correct their initial assay values rather than
neglect them. It should also be noted that the reassay
results were variable and in addition some of the reassays
were incomplete since values were not detected in certain
composite reassays which undoubtedly should have shown loss
values (Tables 111-6, 111-7).
After a comprehensive examination of the general
distribution and variation of the losses it was decided that
a statistical method of correcting the individual specimens
was impractical, if not impossible with the data available,
and that an arbitrary method which was as systematic and
unbiased as possible would give the most reliable results.
It was an arduous task and several methods were tried and
rejected before the procedure outlined below was decided upon.
Composite Reassay Data
The PM values determined in the composite reassays
of used cupels and slags are given in Tables 111-6 and 111-7.
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Table 111-6. Pt, Pd, Au values (ppb) in
50-g cupel reassays taken
from composite samples.
ample
No.
Composite
Type c
S Cupels/
omposite
2
2
3
2
3
6
3
7
9
5
2
2
5
6
5
11
88. Pegmatite
89. Harzburgite
90. Hortonolite
91. Dunite
92. Peridotite
94. Granite
95. Anorthosite
96. Norite (Bushveld)
97. Pyroxenite
98. Chondrite
99. Norite (Sudbury)
100. Gabbro
101. Gabbro
102. Diabase
103. Oceanic Basalt
104. Plateau Basalt
Range
Mean
Total weighted mean
Note: (a) based on 12 results;
Pt Pd Au
ND ND Tr
9.3 4.5 46
6.1 ND Tr
ND ND 28
9.5 9.1 43
6.6 ND 2
4.9 19 3
7.7 3 33
7.5 ND 28
9.8 ND 1
ND ND 32
94 14 47
75 ND 2
ND ND Tr
10 ND 53
13 30 47
5-90 3-30 1-50
(a)21 (b) 7 (c)28
on 6; (3) on 13.
Discussion of Table 111-6
The losses of PM's to cupels are significantly high
and variable. Pt has the greatest range of values (5-90 ppb)
followed in decreasing order by Au (1-50 ppb), and Pd (3-30
ppb). The mean cupel losses for Pt (21 ppb) and Au (28 ppb)
are about 3 to 4 times greater than that for Pd (7 ppb). The
mean loss for each PM is 21 ppb as determined by weighting
each of the Pt, Pd, and Au loss values by the number of
results for each. There is no fixed relationship between the
type of composite and the magnitudes of the loss for each PM
although there is a tendency for each of the PM losses to be
21.
(b)
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greater for those cupel reassays prepared from the more basic
rock assays. The PM losses for No. 88, 90, 98, are apparently
low, probably as a result of incomplete fusion of the charge.
Also, the reassay values determined for No. 91, 99, 102, and
possibly 103 may be low. The detections of Pt in the granite
composite is perhaps questionable although the fact that Pt
and Pd were both detected in Bushveld granites in the original
assay bead (Table III-11) would indicate a reason for some
loss in its composite.
For a further discussion on PM's lost to cupels
see p. 267, etc.
Table 111-7. Pt, Pd, and Au values (ppb) in
200-g slag reassays taken from
composite samples.
mple Composite Slags/
No. Type composite Pt
77. Basaltic 30 2
78. Granitic 5 14
79. Anorthosite 3 3
80. Norite 10 2.2
81. Pyroxenite 9 1.6
82. Pegmatite 2 8.8
83. Harzburgite 2 1.6
84. Hortonolite 3 2.2
85; Dunite 2 ND
86. Peridotitic 3 3
Range 1-9
Mean (ppm) (a) 3
Total weighted mean 5 ppb
Note: (a) based on 9 results; (b) on 7;
Pd
ND
ND
1.4
1.4
2.2
6.2
ND
12
2.6
1.8
1-12
(b) 4
(c) on 9.
Discussion of Table 111-7.
The concentration ranges for Pt, Pd, and Au in the
Sa
Au
3.4
8.8
9
8.4
8.3
6.4
ND
7.8
11
7.5
3-11
c) 8
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slag composites are 1-9, 1-12, and 3-11 ppb, respectively.
A comparison of the mean losses, as weighted by the number of
results for each PM, reveals that about twice as much Au
(8 ppb) is retained by slags as compared with Pt or Pd
(3-4 ppb). Metallurgically, Au is more lithophilic in
behavior than either Pt or Pd. The highest Pt losses occurred
with pegmatite diallage (No. 82), anorthosite (No. 79) and
the peridotite composite (No. 86). The highest Pd losses
were found in the composite reassays from hortonolite dunite
(No. 84) and the pegmatite diallage, and the highest Au loss
in the dunite composite (No. 85). Thus, greater Pt and Pd
losses are to be expected in general from slags of rocks
relatively high in platinoids. It is difficult to generalize
on the losses for Au although the trend for higher losses to
occur in more basic rock types is suggestive (e.g. dunites
and pyroxenites).
The losses of PM's to the slags was evidently the
result of incomplete collection of the metals by lead during
fusion. It may be that some of the PM's are captured within
the slag silicates although this does not seem probable
since Pt, Pd, and Au are so readily soluble in lead. The
observation that Au has a greater affinity for the slag phase
than has either Pt or Pd may be due to the original difference
in concentration gradients between the slag and the fused
sample, the Au gradient being the higher.
On the other hand, the difference in weight between
Au and Pt or Pd may be a governing factor. The heavier Pt
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and Pd particles would tend to sink more readily towards the
bottom of the slag where they would combine with the molten
lead phase.
Correction of Initial Assay Values of Rock Samples
from Composite Reassay Data
Method
The method of correcting was based on two major
premises, namely, that some loss occurred for each initial
assay and that the percent loss was about the same for each
individual sample represented in a composite reassay. It
was also assumed on the basis of the literature that Pt, Pd,
and Au were lost principally to cupels and slags and not
by volatilization.
Cupel Composites
The general method of correcting an initial assay
or dore bead value for cupellation loss was based on a percent
loss factor (PFe) which was computed for each PM (Pt, Pd, Au)
for each composite reassay. A PFc, say for Pt for any given
composite, was obtained by computing the percent fraction
from the ratio of the Pt loss value* as evaluated from an
analysis of the dore bead from a composite reassay to the
mean assay value for Pt as averaged from the adjusted (see
below) initial assay values of the rock group, the cupels of
* This loss value was actually a mean value because it
represented a grab sample from two or more used cupels
which comprised the composite reassay.
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which were reassayed as the composite sample. The PFc value so
derived for Pt was then used as an "operator" to proportion-
ately increase percentage-wise the initial Pt value of each of
the rock samples represented in the composite. This same pro-
cedure was followed for correcting each PM value of each of
the rock samples, the cupels of which had been reassayed as
a composite sample and the reassay results of which were found
to be usable.
It should be noted that the cupel (and slag) from
only one partner of a duplicate ('at-partner), if run, was
combined into a composite sample. If the initial assay of
an tat-analysis was lower than that for the 'b', it was
raised to the 'b'-value. When this preliminary adjustment
was made, it was assumed that the difference in the duplicate
values had been lost to the cupel and therefore this amount,
after being divided by the number of cupels representing the
composite sample, was deducted from the composite reassay
value. If the tat-value was higher than the 'bl-value, it
was left as such. When these adjustments, if applicable, had
been made on all the initial values for the composite, then
the three PFc values (one each for Pt, Pd, and Au) were
computed and the corrections made.
An overall mean percent loss factor for each PM as
obtained from all the usable composite reassays was employed
for any of the composite reassays which were incomplete or
were lost. In computing this mean loss factor, individual
PFc values were each weighted by the number of samples making
up each composite (see below).
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Slag Composites
A second percent loss factor (PFs) for each PM was
similarly derived for the members of each composite reassay
made on the slags after the cupellation losses were distri-
buted. Again, because reassay data were missing for some of
the slag composites, an overall weighted mean loss factor was
computed and used for correcting each of the samples of these
incomplete reassays (see below).
Example computation
In order to clarify the method just outlined, a
sample computation is outlined below which shows, step by
step, the general procedure followed in determining PFc and
PFs values and distributing PM losses (as evaluated from
composite reassays) back into the original assay values.
Method of correcting harzburgites for losses
of Pt to cupels and slag composites
(All values in ppb)
Composite Reassay
89. cupel
83. slag
Specimen Assay Pt (uncorr.)
13 a. 10.1
b. 9.3
23 a. ND
b. 5.6
Total
Mean
PFc L ' (100) 82%
7.9
PFs *-.L (100) * 11.9%
14.3
Pt'
10.1
5.6
15.7
7.9
Pt
9.3 (Table 111-6)
1.7 (Table 111-7)
Pt" Pt (corr.)
18.4 20.5
10*2
28.6
14.3
11.9
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Cupel Loss:
(1) Only cupels (and slags) from 'at-duplicates were reassayed.
(2) 'a'-duplicate raised to 'bt-value, i.e., 23(a) raised to
5.6 (Ptt).
(3) To compensate 2.8 (or 5.6/2) was subtracted from the cupel
loss to give 1.5 (i.e., 9.3-2.8 a 6.5).
(4) Percent loss factor for Pt to cupel (Pfc) computed (from
the mean of Pt') to be 82%.
(5) The Pt'-values were then each increased by 82% to give the
values of Pt corrected for cupellation loss(Ptt).
Slag Loss:
(6) Percent loss factor for Pt to slag (PFs) computed to be 11.9%.
(7) Pt" values each increased by a 11.9% increment to give
final corrected values.
In a similar manner, the initial assay values for
Pd and Au in harzburgites were adjusted on the basis of their
respective percent loss factors.
The other PFc and PFs values derived for Pt for the
remaining composite reassays as well as those for Au are listed
elsewhere in this section (p. 261 etc.) where they are utilized
in correcting original rock assays. The PFc and PFs values
computed for Pd are presented in Table 111-8 in which they are
employed for computing the mean percent loss factor for Pd
(see below).
Correction of Initial Assay Values of
Rock Samples From Mean Composite Reassay Data
Mean percent loss factors (MPF's) were determined for
each of the PM's from the PFc and PFs values and these were
used for correcting many of the assays from which reassay
data were lacking. Each MPF (6 in all) was computed by
weighting each of the PFc (or PFs) values by the number of
samples represented by each. For the purpose of illustration,
the method of computation of the two MPF values for Pd is
given in Table III-8.
Table III-8. Determination of weighted mean
percent loss factors for Pd from
composite reassay data.
Cupel PFc Samples/ Specimens
reassay (%) composite Product ('a'"duplicate)
100. 121 2 242 57,65
92. 199 3 597 46,47,58
95. 255 3 765 10,12,72
96. 25.1 7 176 20-22,25,26,29,32
104. 83.5 11 _212 30,40,51-56,68-70
Total 26 2699
MPFc a 2 100%
Slag CFs Samples/ Specimens
reassay (%) composite Product ('at-duplicate)
88. 1.1 2 2.2 24,27
85. 2.9 2 5.8 16,31
84. 0.3 2 .6 8 17
86. 20.7 3 62.1 4W,47,58
79. 6.8 3 20.4 10,12,72
80. 9.4 7 65.8 20-22,25,26 29 32
81. 5.2 246. 2,4,l4,15,1A,28,34,73,74
Total 28 203.7
MPFs 20 .7 %
Note: MPFc = Mean percent loss factor for Pd for cupels
MPFs = Mean percent loss factor for Pd for slags
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Similarly the MPF values were also determined for Pt and Au
(p. 261, etc.), and the results so obtained are summarized
in Table 111-9.
Table 111-9. Mean percent loss factors (MPF's)
as computed from composite reassay data.
Cupel _Sa
Pd 100% 7 %
Pt 43 8
Au 'z
Overall mean 70 10
The MPF values shown in Table 111-9 indicate the
average percent losses to be expected as based on the initial
assay result. Thus, an initial assay for Pd was doubled to
compensate for the loss to the cupel and then the resulting
assay was increased by a 7- increment to correct for the
slag loss. For Pt, the initial assay determinations were
increased successively by' a 43- increment and an 8-% incre-
ment; initial Au values were increased successively by 75%
and 17%. These MPF values, as noted above, were used only
for correcting those samples for which reassay data were
lacking. The overall mean percent loss to cupels as based
on the initial value determinations was about 70% and that
for slags about 10%.
Distribution of Losses
Even with the various correction factors available
(PF's and MPF's) for Pt, Pd, and Au, it was impossible in
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some cases to use such a factor to obtain a corrected value
since a PM may not have been detected in a single initial
sample assay. In such a case, it was left to the discretion
of the writer whether or not to correct the "not detected"
value or to take this negative result as being true. With
many of the ultramafic rocks, for example, an arbitrary value
equal to the absolute minimum detectability value* was used
for such a blank assay. This value was then increased by
the percent loss factor of the composite to which the specimen
was a member. On the other hand, e.g. with some of the
granites, the minimum detectability limit was not applied
as a preliminary correction since it was doubtful as to
whether or not such a rock would contain Pt or Pd. The
blank here was taken as being a true assay and the PFc and
PFs values from the composite reassays were applied to other
more likely members of the groups (e.g. Bushveld specimens).
Therefore, apart from the general formulae of correcting the
initial assays with the percent loss factors, there were other
considerations entering in. A detailed account of how each
of the individual samples was corrected is summarized below
in order that the writer may understand all of the operations
which were used. Each sample correction was carefully con-
sidered before applying.
* These limits, used as corrections here, were somewhat lower
than the minimum detectability values given on p. 209 which
were based on the relationship of line intensity to back-
ground intensity (i.e. 2:1).
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A. Pd lost to cupels
(1) For those specimens corrected by appropriate percent loss
factors (PFc's) as evaluated from their respective com-
posite reassays, see Table III-8.
(2) Specimens corrected directly using the mean loss factor
(PMFc) of 100% (Table III-9): 4, 5, 6, 7, 8, 9, 11, 14,
15, 16, 17, 18, 19, 24, 27, 28, 31, 33, 34, 35, 36, 37,
38, 43, 48, 49, 64, 66, 67, 71, 75, 122.
(3) Specimens uncorrected since duplicate values were identi-
cal: 2, 13, 42.
(4) Specimens for which a minimum detectability value (3 ppb)
as obtained from the working curve for Pd 3242 (Fig. 18),
was substituted for the cupel correction*: 29, 32, 39,
50, 73, 74.
(5) Specimens 46, 47, 58 (peridotites) were each corrected for
by allowing the minimum detectability value (3 ppb) and
then applying the respective PFc of 1990 as evaluated
from the composite reassay (Table III-8).
(6) Specimen 17 (hortonolite dunite) was corrected by using
the 141% factor obtained from the analyses of the individual
assay components of No. 106 (hortonolite dunite) (p. 265).
B. Pd lost to slags
(1) For those specimens corrected by appropriate PFc's as
evaluated from their respective composite reassays, see
Table III-8.
(2) The remainder of the samples were corrected directly using
the MPFc of 7% (Table 111-9).
C. Pt lost to cupels
(1) Specimens corrected for losses with appropriate PFc's
derived from composite reassays are listed below with
their respective factors.
* The working curve value which was --.0.0003% was converted
to 3 ppb using the mean concentration factor of 820
(p. 222).
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PFc(%) Specimen No.
2 106
22 108
55 57, 65
83 13, 23
29 46, 47, 58
62 48, 49, 50, 66, 67
26 20, 21, 22, 25, 26, 29, 32
2 2, 4, 14, 15 18 28, 34, 73, 74
80 30, 40, 51-56, 6A-70.
MPFc a 43% (weighted)
(2) Specimens corrected directly using the MPFc value of 43%:
16, 17, 24, 27, 36, 37, 38, 71, 75.
(3) Specimens for which minimum detectability limit (3 ppb)
was substituted for cupel correction: 5, 35, 69, 72, 122.
(4) Specimens corrected by increasing initial assay value to
highest duplicate value since this preliminary adjustment
completely compensated the amount detected in the cupels:
7, 9, 11, 33, 64.
(5) Sample 8 was left uncorrected for Pt.
D. Pt lost to slags
(1) Specimens corrected for losses with appropriate PFs's
derived from composite reassays are listed below with
their respective factors.
PJ( Specimen No.
12 13, 23
11 10, 12, 72
20 46, 47, 58
6 20, 21, 22, 25, 26, 29, 32
_4 2, 4, 14, 15, 18, 28, 34, 73, 74
MPFs 8% (weighted)
(2) All remaining specimens were corrected directly using the
MPFs of 8% (see above)
E. Au lost to cupels
(1) Specimens corrected for losses with appropriate PFc's
derived from composite reassays are listed below with
their respective factors.
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PFC() Specimen No.
65 57, 65
134 16, 31
181 13, 23
69 46, 47, 58
73 48, 49, 50, 66, 67
87 20-22, 25, 26, 29, 32
67 2, 4, 14, 15 18 28, 34, 73, 74
54 30, 40, 51-56, 68-70.
MPFc = 75% (weighted)
(2) Specimens corrected directly with the MPFc of 75%: 7-9,
11, 17, 24, 27, 33, 35, 36, 64, 122.
(3) With specimens 38 and 39, 38a assay was raised to the
'b'-duplicate value and after deducting one-half of this
amount from the reassay value, the remainder was given
to No. 39.
(4) Specimens 25, 29, and 32 were each given the minimum
detectability-limit (3 ppb) for their cupel correction.
(5) Specimens 10, 12, and 72 were raised to their 'bt-duplicate
values and this preliminary adjustment compensated the
losses detected in the cupel reassay for the group.
(6) Specimen 1 was left uncorrected because of its relatively
high initial assay value.
F. Au lost to slags
(1) Specimens corrected for losses with appropriate PFs's
derived from composite reassays are listed below with
their respective factors.
PFs(%) Specimen No.
24 16, 31
13 46, 47, 58
22 10, 12, 72
13 20, 21, 22, 25, 26, 29, 32
18, 2, 4, 14, 15, 18, 28, 34, 73, 74
MPFs = 17% (weighted)
(2) All remaining specimens were corrected directly with the
MPFs of 17%.
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Correction of Initial Assay Values of Rock Samples
From Individual Reassays
After evaluating and distributing PM losses obtained
from the composite reassays, a more intensive investigation
was made on the individual assay products obtained from the
fusions of an ijolite (No. 35), a hortonolite dunite (No. 106),
a chromite-bearing dunite (No. 107), and a basalt (No. 108).
Reassays were made on the resulting slags and cupels for each
of the rock fusions. A blank fusion was run simultaneously
to check for possible contamination. The general scheme of
analysis is diagrammed below.
slag-2
slag-1-- slag loss
cupel-2
Rock sample/
\cupel-l-- cupel loss
**--.cupel-3
Values from the spectrochemical analysis of the resulting
dore beads are reported in Table III-10.
Table III-10. Distribution
values (ppb)
of Pt, Pd, and Au
in assay components.
35. IJolite Pt
ND
Pd
3 58
(Assay lost)
ND ND
3 58
107. Dunite (chromitiferous)
1250
4
__[lag
1254
13 78
9 36
contaminated)
22 118
106. Hortonolite
Rock
Cupel-l
Slag-i
Slag-2
Cupel-2
Slag-3 (
Cupel-3
Total (a)
Slag loss (c, d, e):
Cupel loss (b, f, g):
Total loss to slag
and cupels
253
6
ND
ND
ND
ND
ND
259
0%
2.
2.4,u
9
2
ND
1
ND
4
I2
90
45
2
4
11
9
12
23 175
10%
61% 48%
108. Basalt
a. Rock
b. Cupel-l
c. Slag-1
d. Slag-2
e. Cupel 2
f. Slag-3
g. Cupel-3
Total (a)
Slag loss (c, d, e):
Cupel loss (b, f, g):
Total loss to slag
and cupels
0%
2 22
25% 10%
22% 100% 46%
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Rock
Cupel-l
Slag-1
Total
Au
Rock
Cupel-l
Slag-l
Total
15
ND
ND
ND
ND
3
ND
ND
ND
ND
1
ND
3
ND
41
1
Tr
4
4
26
1
4 77
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Discussion of Table III-10
The losses in the assay components from individual
samples substantiate the results obtained with the composite
reassays. Losses are high and variable, with the cupellation
loss being the most critical for each metal. Slag retention
varies from 0 up to 25% of the total recovery for each PM
whereas the amount held in the cupels range from about 20%
up to almost 60%. Palladium is the worst offender. It is
collected by lead less efficiently than either Au or especially
Pt, and furthermore its loss to the cupel is higher than the
other two metals. It is also apparent that the initial reassay
either on a cupel or slag does not always extract the PM's held
therein. This is brought out well by the results of the
hortonolite reassays where high losses for Pd and Au were
detected in cupel-3 which was a reassay of a cupel which was
used for cupelling the dore bead obtained from the first cupel
(cupel-1). Consequently, without reassays of slags and in par-
ticular cupels, pre-concentration by fire assaying at best is
only of fair to poor efficiency. From the results presented
there is also some evidence that the greater the concentration
of PM's in the rock sample (e.g. hortonolite or dunite) the
greater the percent extraction by the initial assay at least
in the case of Pt. The general maxim that it becomes increas-
ingly more difficult to get a good extraction of an increasingly
smaller amount of material is verified here.
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Qualitative Investigation of Cupellation Losses
Further research was warranted to determine, if
possible, the reason for PM's to be retained in cupels because
even with the greatest care, the losses incurred during cupel-
lation although erratic were too high and consistent to be
fortuitous. No experimental information, to the writer's
knowledge, was available which explained the losses of either
Pt, Pd, or Au in cupels. Theoretically, the bone-ash medium
was to exclude the "non-wetting" PM's (including silver) during
the selective absorption of the litharge (e.g. 102). Reliable
chemical references indicated that cupel losses for platinoids
were predominantly mechanical in nature. As noted above,
Beamish and co-workers reported that Ir (and to some extent Ru)
tended to oxidize and collect in the surface of the bead or
possibly on the cupel during cupellation, rather than alloy
with the silver; and when an Ir-rich bead was removed from
the cupel, losses were almost unavoidable (13). On the other
hand, Os (and to a lesser extent Ru) volatilized during
cupellation (9) and could be completely lost unless partial
cupellation was employed (45), (92). Here it apparently was
not a question of loss by distillation or by mechanical means
since Pt, Pd, and Au did not volatilize and furthermore they
are readily alloyable with the silver. However, the mechanical
process of sprouting already referred to (p. 194) was undoubtedly
a cause of some loss to the cupels although effects of sprouting
were not apparent for example on the No. 106 and 108 beads
(Table III-10) or on the surface of their respective cupels
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when studied under high-power magnification. Nevertheless
these cupels were found to contain substantial amounts of Pt,
Au, and especially Pd upon subsequent reassaying (Table III-10).
Therefore it was believed by the writer that the loss
of PM's to the cupels was predominantly chemical in nature and
principally as a consequence of some tendency on their part to
be soluble in molten litharge. Thus when the litharge was ab-
sorbed during the oxidation process some of the dissolved PM's
were simultaneously lost to the cupel. An experiment was con-
ducted to test qualitatively the solubility of Pd in litharge
since this metal was more readily lost during cupellation than
either Pt or Au (Table III-10).
Method
Two 1 1/2-in. lengths of 1-mm diameter Pd wire were
hooked one into each of two 9/16 by 1 1/8-in. high-grade re-
fractory crucibles, one of magnesia and one of zirconia, each
of which was 3/4-full of technical grade litharge. Before the
metal wires were placed in the crucibles, the surface of each
was examined under a binocular microscope and found to be
clean and smooth. The set-up of one crucible is sketched below.
Pd wire
Crucible
Litharge
Silica brick
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The crucibles were set level on a silica brick
within a small electrically-operated and controlled muffle
furnace and heated at 800 to 9000 C for 18 hours. At the end
of the run they were removed, allowed to cool, and the contents
were carefully inspected.
Results
(1) Magnesia Crucible
During the early part of the run, the crucible had
apparently cracked along the bottom and the melt had drained
into the underlying brick. Some of the litharge had been
absorbed into the base of the crucible. The immersed section
of the wire was thinly coated with a black crusty stain that
strongly adhered to the surface of the metal. Except for this
surface stain, there was no physical evidence of metallic
corrosion. The crucible was broken and a small sample of
magnesia heavily stained with litharge was triturated and
arced, by standard procedure, along with a blank of litharge.
A trace of Pd 3242 was detectable in one of the three crucible
spectrograms but not in that of the blank.
(2) Zirconia Crucible
The crucible was about 1/3-full of crystallized
litharge and the walls of the pot were stained with litharge.
As the Pd wire was carefully withdrawn from the litharge, a
thin irregular crust of black scale slipped from the surface
of the wire and remained in the hole. At the lower bend in
the wire (see sketch), "necking" had reduced its diameter to
about 0.5 mm. The wire was still ductile in the bend area.
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Inspection of the wire under high-power magnification revealed
that it was strongly pitted and crusted with metal oxide (?)
scale. There was a distinct reduction in diameter of the wire
along the lower section that had been immersed in litharge the
full period of the run. A small 1/8-in. diameter portion of
litharge was drilled and extracted from the crucible near the
wall farthest away from the original location of the wire.
Three samples were arced along with a blank, and Pd 3242 was
strongly discernible only in the spectrograms from the crucible
litharge.
Conclusions
The experiment validated the supposition that Pd was
soluble in molten litharge. Consequently, losses during
cupellation are to be expected, especially when minute particles
of PM's are involved because the surface area for reaction to
take place would be much greater than with a single piece of
metal like the wire.
Glasstone (41, p. 330) has discussed the general
relationship of the solubility of materials with respect to
heats of fusion and melting points and states that:
(1) if the heats of fusion of two substances are not
very different, the one with the larger melting
point should have the smaller mole fraction
solubility in any solvent; and
(2) if two solids have similar melting points, the
one with the lower heat of fusion should be
more soluble than the other.
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The heats of fusion and melting points of Pt, Pd, and Au are
tabulated below in order of increasing heat of fusion (62).
Heat of fusion Melting Point
(cal/g) (OC)
Au 15.8 1063.0
Pt 27.2 1773.5
Pd 36.3 1554
When the above data are reviewed in conjunction with Glasstone's
statements it would seem that Au should be somewhat more soluble
in litharge than either Pt or Pd. Furthermore, Pt and Pd
should have about the same degree of solubility. In general,
the experimental work on losses indicated that Au was retained
in cupels more notably than Pt although Pd was often the most
easily lost of the three metals. Therefore the rules of
Glasstone are not directly applicable here although further
research on the degree of loss for each metal would be
necessary before a definite conclusion can be formulated.
Summary and Conclusions
The distribution of the analytical losses of Pt, Pd
and Au in cupels and slags were reported and discussed. In
general, the losses were found to be substantial and erratic
and were more pronounced for the assay components resulting
from the fusions and cupellations of basic rocks. It was shown
that the average amounts of PM's absorbed by the cupels
exceeded the amounts retained mechanically by slags and indeed
by a factor ranging from 4 to 7.
In the composite reassays of cupels, Au and Pt were
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lost more readily than Pd (28-21 vs 7 ppb). In the corre-
sponding slag reassays an average of about 8 ppb Au was re-
tained in each composite as compared with 4 ppb Pt or Pd.
The results from individual reassays substantiated
the amounts of PM's detected in the composite reassays. Of
the three metals, however, Pd wao the most easily lost both
to cupels and slags. Furthermore it appeared that the
losses were higher for rocks poorer in PM's. It was also
found that traces of PM's remained in the slags and cupels
resulting from the initial reassay components.
Experimentally, the loss of Pd (and probably Au
and Pt) to the cupels was found to be predominantly chemical
in nature and a consequence of the solubility of the metal
in molten litharge during oxidation.
On the basis of the reassay data, the bulk of the
samples were corrected for fire-assay losses utilizing per-
cent loss factors.
From the aforementioned study it may be concluded
that fire-assay losses of Pt, Pd, and Au are critical in the
5 to 500-ppb concentration range and therefore must be
evaluated for each sample if accurate analyses are warranted.
That losses of Os, Ru, Ir, and Rh are high and unpredicAtable
has been recognized by Beamish and co-workers for the concen-
tration range > 300 ppm (sulphides) even under ideal experi-
mental conditions. This also seems to hold for Pt, Pd, and
Au in the trace element concentration range and therefore such
losses must not be neglected as has been the general practice
of geochemists who utilize fire assaying as a method of pre-
concentrating PM's.
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RESULTS OF EXPERIMENTATION
The results of the spectrochemical evaluation of
PM's collected in dor4 beads from rock sample fusions are
compiled in Table III-11. As shown, the samples are arranged
in their respective rock groups with the presented sequence
of numbering being the general order of arcing of the dore
beads. Both the uncorrected and corrected concentration
values are given for each sample. Each uncorrected value is
the higher of two duplicate values (if available), and each
corrected value has been reasonably adjusted for slag and
cupel losses. All samples lacking a duplicate analysis are
underscored. A sample followed by an asterisk indicates that
its PM values have been corrected for by individual reassays
on slag and cupel material (Table III-10). The remainder have
been corrected by other methods, principally on the basis of
PM values detected in composite reassays.
The abbreviation ND indicates that a PM was not
detected in the dore bead(s). A questioned sample number (?)
implies that the corresponding results are dubious, as in-
ferred from markedly low PM values (eg. Au). A further con-
sideration of the validity of some of the determinations is
made in conjunction with the discussion of these results as
presented in Part II of the thesis.
Rhodium was detected in only two samples (8, 24) and
the uncorrected results are presented in Table 111-12.
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Table III-11. Corrected and uncorrected Pt, Pd, and Au
values (ppb) determined from experimental investigation.
Pt
Ujncorr.
Pd
Corr. Uncorr. Corr.
Au
Uncorr.
Acidic
ND
ND
ND
4
ND
ND
ND
3
3
5
8
3
3
7.2
ND
ND
5
6
ND
ND
3
3
3
11
12
3
3
6
Norites
87
49
13
4.4
27
7
a
7.3
7
117
66
18
5.9
36
9
11
11
10
33
6.2
9.3
ND
22
ND
ND
4
ND
44
8.5
13
3
29
4
3
8
3
98
1.8
45
29
39
16
58
60
39
79
ND
47
0.M
1.9
53
ND
Gabbros, etc.
5.1
4.6
3.2
43
19
7-4
5.8
4-8
14
Pyroxenites
ND
ND
142
4
36
7
17
13
47
Sample
No.
(?)
1
3
5
6
41
35
Corr.
(*)
20
21
22
3
72
2
38
2
(?)
(?)
(?)
113
3.1
92
59
79
32
102
128
84
105
5
100
6
4
68
15
37
64
65
75
122
7
15
12
8.8
39
20
15
ND
13
23
16
13
15
42
32
23
4
14
25
12
7
107
20
104
17
16
13
56
11,
7.6
91
45
16
12
10
31
3
3
L50
9
76
14
36
27
99
73
74
2
4
14
1$18
28
34
42
13
38
45
86
76
6
81
89
9
19
22
21
36
26
44
14
63
11
6
100
19
97
16
15
12
52
87
27
74
91
165
155
12
143
180
17
37
43
40
70
50
85
28
124
No. Uncorr.
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Table II1-11 (Cont'd)
Pt
Uncorr. Corr.
Pd
Uncorr. Corr.
Au
Uncorr.
48
48
35
17
18
18
13
19
43
16
25
9.6
44
21
5
15
15
27
$0
118
10
14
Basalta
52
13
22
5
ND
5
2.9
28
88
11
114
4.4
6.7
7
14
3.5
Diabases
9
9.6
550
12
5
3
Peridotites, Dunites, etc.
10 21
6 12
8 13
7 11
19 29
12 18
42 66
1250 1260
12,300
2190 3170
253 259
18
ND
ND
ND
ND
ND
32
13
330
6
9
Diallage Pegmatite
2350
280
430
35
Anorthosites
4
13
138
ND
11
5
Sample
No. Corr.
(*)
4$
48
49
108
~T
52
53
54
55
56
66
67
68
69
7u
24
25
19
10
15
9
6.4
9.7
22
7.9
13
5.4
25
11
ND
8
9.4
17
52
82
7
9
100
26
47
11
3.8
10
5.9
56
173
22
225
9.4
15
13
28
7
19
21
590
24
9
7
73
86
95
49
41
59
35
70
77
19
78
37
69
70
65
24
43
45
157
12
3
10
130
160
170
90
77
110
63
126
124
29
141
75
119
127
116
43
89
93
270
25
6
21
36
37
42
71
13
23
46
47
58
16
31
17
(*)
(*)
20
3
8
9
17
4
65
23
650
13
23
27
14
4
10
92
21
17
78
130
59
90
88
46
28
39
92
60
50
114
260
120
173
24
27
1620
139
72
10
12
880
70
102
83
ND
12
124
209
168
3
43
20
22
33
64
26
41
78
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Table 111-12. Uncorrected Rh values (ppm) for rocks
Sample No. Rh
8 a. 0.197
b. 0.387
24 a. 0.329
b. 0.818
No attempt was made to correct the results for Rh since experi-
mental information on Rh in this concentration range (0.2 -
0.8 ppm) was lacking. Allan and Beamish (8), however, reported
variable losses from 1 to 20% to slags from fusions of siliceous
and sulphidic ores salted with Rh at a concentration of 700 ppm.
Rather than apply an arbitrary loss factor based on their work
it was decided to present the values as determined. The mean
of each of the two duplicate values of Table III-11 is used
in the discussion of Rh in Part II of the thesis.
The results of the analysis of chondrites were not
corrected for losses because of the lack of data and these are
presented and discussed in "Chondrites" (PART II). Osmium was
not detected as was anticipated because of the volatilization
etc., of this metal as the oxide during cupellation (9). The
results for the chondrites are probably low.
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APPENDIX
ROCK AND CHONDRITE SPECIMENS
All in all, 72 igneous rock samples and 5 chondrites
were analysed for their precious metal content. Of the rock
samples investigated, 8 were composites of 2 or more individual
specimens from the same igneous body, and these are noted in the
specimen list. A summary of the main rock families and the
number of samples for each are listed below.
Diorite 1
Diallage pegmatite 2
Anorthosites 3
Diabases 6
Gabbros 8
Granites, etc. 7
Pyroxenites 9
Norites 9
Peridotites 11
Basalts 16
Chondrites 
_
Total 77 samples
The South African rocks were kindly donated to the
writer by Professor Louis H. Ahrens and unless otherwise noted
are from the Lydenburg district in eastern Transvaal. The
majority of the Bushveld specimens were collected in 1952 by
Professor Ahrens and Professor J. Willemse. The FJC-series of
specimens, from the Rustenburg district in western Transvaal,
were collected by Dr. F.J. Coertse of the South African Geologi-
cal Survey. According to Dr. Coertse (private communication)
no published references as yet are available on these rocks.
The original locations of the Bushveld rocks with respect to
Hall's broad differentiation zones have been kindly checked and
corrected by Professor Willemse (personal communication). The
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remainder of the rock specimens either were presented through
the courtesy of Professors P.M. Hurley, H.W. Fairbairn, and
W.H. Dennen from their private collections or were obtained
from the main petrographic collection of the Department. Dr.
W.H. Pinson of the Geochemical Laboratory (M.I.T.) generously
contributed the chondrite specimens.
In the numbering of the specimens no particular order
was followed and consequently a specimen from one locality may
be included in a group from another area. The number given for
each specimen refers also to its analysis number in the pre-
ceding tables. For many of the specimens, pertinent references
on petrography, major and minor element analyses, location,
etc., are given in order that the reader may undertake, if he
wishes, a more detailed investigation of some of the rock
specimens.
Specimen List
1. Rooiberg felsite (Bushveld); at Loskop Dam, Vergelegen 93,
Groblersdal district. Fairly typical, slightly weathered
redish aphanite, with minor phenocrysts of orthoclase and
possibly quartz; see analysis V on p. 252 in Hall (52).
2. Bushveld Pyroxenite with some disseminated chromito; just
above main chrome band on Onverwacht hill, Onverwacht 330.
Critical zone. Specimen is a coarse-grained interlocking
mass of bronzite with disseminated chromite. A mineralogical
description and chemical analysis of this type of pyroxenite
is given by Hall (52, p. 314, 315).
3. Bushveld Granophyre; east of Olifants River on Kalkfontein
61. According to J.S.I. Schwellnus (private communication
to L.H. Ahrens) is intrusive (igneous) into sediments,
gabbro, granite and thus is a younger rock. The specimen
is a slightly bleached, massive, coarse-grained rock of
acicular hornblende embedded in red feldspar and minor
quartz; see analyses in Hall (52, p. 255).
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4. Bushveld Pyroxenite ("pure") from prominent pyroxenite
exposures on main road throughJifagdlust. Transitional
zone. Specimen is a fine-grained rock of unoriented
bronzite crystals; see Analysis II in Hall (52, p. 315).
5. Bushveld Granite from Welgevonden 567, Groblersdal district.
East of Olifants River on road from Loskop dam to
Groblersdal. Specimen is a fresh refLsh-grey rock of
coarse grain and consisting of 45% feldspar, 30% horn-
blende (clots), and 25% quartz; see analyses in Hall
(52, p. 375).
6. Bushveld granite; on road to 4,anefurse (3 miles from
Janeurnse). Specimen is a red sh coarse-grained phanerite
similar in mineralogy to No. 5.
7. Bushveld diorite (?); composite of three specimens of
Tauteshoogte diorite (?) collected at elevations 5318 ft,
5380 ft, and 5408 ft, the latter being about twenty feet
from contact with higher (roof) acid rock. Upper zone.
Specimen is a dark grey, fine- to medium-grained rock
consisting of a closely knit intergrowth of hornblende
(65%) and light grey feldspar (35%). On a weathered
surface rock is rusty and feldspars are argillized.
Magnetite is present as sparsely disseminated grains.
According to Professor Willemse (private communication),
analysis F in Lombaard (74, p. 170) is representative of
this rock.
8. Bushveld Hortonolite dunite from Mooihoek pipe on Mooihoek
147 ("not necessarily this specimen had been mined for
Pt"). Critical zone; see Hall (52, pp. 325, 326) for
chemical analyses, mineralogy, etc.
9. Bushveld Gabbro ("probably typical"); one mile on road
from Janefurse to Magnet Heights (Western Sekukuniland).
Upper zone. Specimen is coarse-grained and consists
principally of imperfectly oriented grey feldspar lathos
(up to 1/4 in. in length) and augite. Refer to Hall (52)
for general references on gabbros.
10. Spotted Anorthosite; above Merensky Reef on Maandagshoek
148. Thli is anging-wall rock directly above the Merensky
Reef as shown in the section sketch in Wagner (113, p. 153).
Critical zone. Detailed petrography and chemical analysis
given by Wagner (p. 125). Rock is composed of "patches
of greenish-brown bronzite (here up to 1 1/2 in. and
diallage scattered through bldsh-grey feldspar". Specks of
sulphide are visible.
11. Bushveld Gabbro ("typical"); three miles from Steelpoort
River bridge on road from Steelpoort River bridge to Dwars
River bridge. Main zone. This specimen resembles No. 9
in mineralogy but is of finer grain and much more lineated
in structure.
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12. Bushveld Anorthosite at Dwars River 86. Critical zone.
Specimen is a sugary medium-grained white rock, slightly
mottled with tan grains of bronzite. A few narrow
(1/8 in.) chromite schl(ren are present; analyses for
anorthosites are given by Hall (52, p. 334). The Dwars
River outcrop is described by Wagner (113, p. 157).
13. Bushveld Harzburgite; Aapiesdoorndraai, near Burgersfort.
Basal zone (?). Specimen is a dark green, granular, and
glassy rock of fine-grain and consisting principally of
olivine with a few disseminated crystals of chromite;
see Hall (52, pp. 327, 328) for chemical analysis and a
petrography.
14. Bushveld Pyroxenite 1/2 mile from Steelpoort River bridge
on road from Burgersfort to Steelpoort River bridge.
Basal zone. Specimen is a medium-grained dark greenish-
brown rock consisting essentially of pyroxene (bronzite ?)
with some disseminated chromite.
15. Bushveld Pyroxenite 1/2 mile west from a point about 1/2
mile from Steelpoort River on road to Onverwacht hill,
on Hendriksplaats 636. Specimen was taken stratigraphi-
cally higher up than No. 14, and is "very fresh and pure".
Basal zone. See No. 14.
16. Bushveld olivine Dunite from Onverwacht 330; sheath rock
outside of inner hortonolite dunite core (see No. 17).
Critical zone. The radium content for this type of rock
has been measured by Davis and Hess (33). It is a dark
green, medium grained olivine rock with minor amounts of
disseminated chromite; see analysis III (113, p. 62) for
chemical composition and petrography.
17. Bushveld Hortonolite dunite (inner facies) from Onverwacht
330; from rim of pipe which had been worked for Pt at
Onverwacht. Critical zone. The specimen is blackish-
brown, resinous rock consisting essentially of hortonolite;
see analysis V in Wagner (113, p. 60).
18. Bushveld Pyroxenite; just below main chrome band on
Onverwacht hill. Critical zone. Specimen is a fine-
grained dark brown rock consisting principally of bronsite.
The rock shows parting parallel to pseudostratification;
see (113, p. 64) for petrography, etc., of this rock.
20. Bushveld Norite ("dirty" pyroxenite) just above main pyrox-
enite band at Mooihoek 147 (from adit above pipe). Critical
zone. The specimen is a tan, fine-grained rock consisting
of bronzite (60%) and feldspar (40%); see Hall (52, p. 305).
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21. Bushveld Norite from the hill immediately east of Mooihoek
pipe directly above a pyroxenite band. Critical zone.
Specimen is a fine-grained speckled brown (pyroxene,
biotite) rock with about 70% of the matrix consisting of
light grey feldspar (probably anorthositic norite); see
Hall (52, p. 305).
22. Bushveld Norite from band above the anorthosite band
which overlies the Merensky Reef on Maandagshoek 148
(see No. 10). Main zone. For a discussion of the
Maandagshoek facies refer to Wagner (113 p. 153), and
for an analysis of similar rock check Hall (52, p. 305).
23. Bushveld Harzburgite ("poikilitic") at Groothoek 171.
Basal zone, This specimen resembles No. 13 in mineralogy
and "may be connected to specimen No. 13".
24. Bushveld Diallage Pegmatite (Merensky Reef Type ?) com-
posite: one sample taken one foot from hanging wall con-
tact and the other three feet from contact at the north-
east corner of Forest Hill. Critical zone. Specimen is
a friable, very coarse-grained norite of 60% diallage
and bronzite with other mafics (e.g. biotite) together
with feldspar; small specks of sulphide are present.
For petrography see Schmidt (96); for ore values,
Wagner (113); and for several chemical analyses, refer to
Hall (52, p. 319).
25, Bushveld 'Hybrid' Norite with biotite ("migmatic norite");
near contact with upper Magaliesberg quartzite, about two
miles from Driekop Store on main road to Pietersburg.
Contact zone. Chemical analysis is given by Hall (52,
p. 312) who also describes the relationship of this rock
type with the invaded sediments.
26. Bushveld Norite - with some biotite; on Groothoek 171.
Basal zone9. Specimen is a rusty weathering fine- to
medium-grained greyish rock consisting of feldspar (50%),
bronzite (35%) and books of biotite (15%). Analysis
for average norite given by Hall (52, p. 310).
27. Bushveld Diallage Pegmatite (Merensky Reef) from Forest
Hill. Critical zone. Specimen is similar to No. 24 in
mineralogy and texture.
28. Bushveld Pyroxenite (FJC-139) from Rustenburg 4, Rusten-
burg district, western Transvaal. Basal (?) zone.
Specimen resembles a typical bronzitite and is fine to
medium grained. Chromite is not visible in the hand specimen.
* Professor Willemse placed this specimen in the "Norite-
diabase zone" which I believe, is part of Hall's Basal zone.
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29. Bushveld Norite (FJC-124) from Kafferskraal 915 (just
south of the Merensky Reef), Rustenburg district. Criti-
cal zone. A fine- to medium-grained greyish phanerite
consisting of feldspar (70%) and tan bronzite (mottling).
30. Karroo Basalt (L 763) from borehole core, about 150 yards
south of drift, across Makonkolweni Spruit, Kruger National
Park (Magma type: mela-theralitic). See Table II in
Lombaard (77, p. 690) for chemical analysis. He describes
specimen as a greyish-pink rock somewhat altered and com-
posed of plagioclase, augite, chlorite, and much ore
e.g. Ti02)- He also notes that the Karroo lavas have
a titania content comparable with that of the Indian
basalts.
31. Bushveld Olivine Dunite (outer (?)) from the mine dump at
Mooihoek mine. This rock presumably surrounds the inner
core of hortonolite dunite as sampled in No. 8; radium
content measured by Davis and Hess (33). For references
see No. 16.
32. Bushveld Norite (FJC-145) from Spruitfontein 349, Rusten-
burg district, western Transvaal. Critical zone. The
rock is medium grained and consists of plagioclase,
pyroxene, and biotite.
33. Bushveld Gabbro (71-F-9) west of No. 22 but higher in
section. Main zone. Specimen is medium grained and is
strongly lineated with lathes of plagioclase and pyroxene.
The only reference for this specimen is by Vermaas (111)
and it was not available.
34. Bushveld Pyroxenite (FJC-197) from Kroondal 177, Rusten-
burg district, western Transvaal. Basal (?) zone. The
rock is fine to medium-grained, slightly weathered bronzi-
tite with about 25% of the mineral consisting of feldspar.
35. Spi skop Ijolite (or urtite ?), core facies of the alkali
complex on Spitskop 463. See Strauss and Truter (105)
for petrography, location and chemical analysis. Specimen
is coarse of grain with about 55% of the rock consisting
of pyroxene and biotite embedded in red feldspar and
bluish-white nepheline; pyrite (?) is visible as brassy
specks.
36. Logan Diabase (R1208); taken from a poor surface outcrop
possiblynot in place) on west side of Clearwater Lake
on road 1.6 miles north of Gunflint Trail; near west end
of Hungry Jack Lake (T64N, R1W Sec. 51), Ontario.
Collected by W.H. Dennen 1948 (No. 56).
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37, Post-Nipissing Diabase (R1506); from Echo Lake region
in Ontario. Collected by W. Johnston 1949 (49-297). See
Fairbairn, Ahrens, and Gorfinkle (39) for minor element
content in this specimen as well as Ahrens, Pinson, and
Kearns (5) for K/Rb analysis on a similar specimen.
38. Sudbury Norite (R1838) near Levack, Ontario. Fresh grey
phase. Collected by H.W. Fairbairn, 1938. According to
Yates (118) who also gives chemical analyses for norite,
the rock consists mainly of labradorite, hypersthene,
quartz, and diallage; see Collins (27) for a petrographi-
cal description of the norite as well as the Transition
rock (No. 39).
39. Sudbury Transition Rock (03); specimen from railway cut,
north side of Levack, Ontario. Collected by H.W. Fairbairn.
Specimen is a coarse-grained rock consisting essentially
of pink feldspar and pyroxene.
40. Yellowstone Basalt (R1574). Specimen from basalt over-
lying rhyolite, at "Sheepeaters Amphitheatre" by Seven-
Mile Bridge on Garden road from Mammoth Springs to Old
Faithful, Wyoming. Collected by P.M. Hurley.
41. Dedham Granodiorite, Massachusetts.
42. Nipissing Diabase, (altered), Ontario (R1492). Location:
near Ozilda, Lot 1 Conc VI, Snider Twp. on Levack Road
near Falconbridge turnoff. Collected by W. Johnston
(49-395). For trace element content see (5) and (39).
43. Lake Nipigon Olivine Diabase, Ontario (R1700). Collected
in 1950 by H FW. airbarn TNo. 3). See references for
No. 42.
44. Palisade Diabase (olivine); specimen taken as chip samples
1-5 feet from lower contact 1/2 mile north of George
Washington Bridge, New Jersey. Collected by W.H. Dennen.
Specimen is a fine-grained to aphanitic dark grey rock
with minor phenocrysts of olivine; see p. 187 in Turner
and Verhoogen (108) for chemical analysis; references for
petrography, etc. also are given.
45. Pikes Peak Granite (5386); from Ute Pass above Manitou
$prings (near Colorado Springs), Colorado. Specimen is
a coarse-grained biotite granite with fresh pink feldspar.
Collected by W.O. Crosby. See p. 433 of Clarke (26) for
several chemical analyses of Pikes Peak granite.
46. Montrose Point Peridotite (1170 of Cortlandt series),
Hudson River near Peekshill. A chemical analysis is
given in Washington (115, p. 1139) for this rock type.
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47. Murfreesboro Biotite-augite Peridotite (S49) from the
vent near Murfreesboro, Arkansas. It is a brownish-
black rock of phlogopite and olivine; for a chemical
analysis see Miser and Ross (83), see Davis and Hess
(33) for petrography and radioactivity measurements,
for K/Rb analysis see (5).
48. Hawaiian Olivine Basalt (1534); Kilauea (1893? eruption).
Specimen collected 300 feet below Hotel on Trail to sink
by R.A. Daly in 1909. For location and description see
Daly (29); for average chemical analysis, (108, p. 180).
49. Hawaiian Augite Basalt Porphyry (639), Hawaiian Islands.
Vesicular nature indicates specimen is from the surface
of a flow. See No. 48 for references. This rock is a
dark grey aphanite with medium-sized phenocrysts of
augite as well as some fine-grained phenocrysts of
olivine and feldspar.
51. Columbia Basalt (R 1553); composite I sample containing
equal weights of 16 chip samples taken just east of
Portland, Oregon on Route U.S. 30. Individual specimens
collected by H.W. Fairbairn and P.M. Hurley at approxi-
mately regular intervals along the length of Wahkeenah
Trail, which ascends Maltromah Falls and crosses a
section of basalt flows. The total stratigraphic section
sampled was 1000 ft and individual samples were cut only
from the massive flow centers. Analysis for K/Rb on these
rocks were made by Ahrens, Pinson, and Kearns (5) who
noted that the individual samples were continuously
enriched in K and Rb from top to bottom of the section.
52. Columbia River Basalt; composite II sample containing
equal weights of three samples taken west of Spokane,
Washington along Route 10 at Cheney (R 1576), Ritzville
(R 1578), and from the rim of the Yakima River canyon
just east of Ellensburg (R 1580). Collected by H.W.
Fairbairn and P.M. Hurley.
53. Deccan Basalt (R 1933). composite I sample consisting of
20 individual samples (892-911) from 18 successive flows
at Bhore and Thull Ghats, Tunnels, G.I.P. Rly. (18035t:
730191); (180451:73022t). See map sheet No. 47 F/5,
Bombay, India. Elevation (from mean sea level) varies
from 200 to 1600 feet. These rocks are fine-grained
specimens consisting essentially of labradorite and
enstatite-augite (70). For chemical analysis consult for
example, (108, pp. 180, 72). Collected by M.S. Krishnan
of the Geological Survey of India.
54. Deccan Basalt (R 1934); composite II sample consisting
of 11 individual samples (912-922) taken along Kelvak-
Chiplun Road from near 42/2 Furlong stone (17 321:730311);
to 46 milestone (170261:73042'). See map sheets No.
47 G/10 and No. 47, G 11 and 15. Elevation varies from
1155 to 2182 feet; see No. 53.
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55. Deccan Basalt (R 1935); composite III sample consisting
of 21 individual samples (923-943) from boreholes in dam
and quarry sites around Jalkawabi (17023':730431) and
between Pophali (17026t:730411) and Navja (170261:73046t)
of map sheet No. 47, G 11 and 15. Elevation varies from
226 to 1500 feet; see No. 53.
56. Deccan Basalt (R 1936); composite IV sample consisting
of 20 individual samples (944-963) from boreholes in
same area as for No. 55 but varying in elevation from
1574 to 2543 feet. See No. 53.
57. Purcell Gabbro (2056), from top of 2d sill at Moyie Lake,
British dolumbia. Specimen is a medium-grained dark
greenish-grey rock consisting of plumose hornblende (65%)
and labradorite (35%). This specimen is probably from
the B-sill as described and analysed by Daly (30, pp. 227,
236); see also Swanson and Gunning (106) for a general
description of the Purcell sills in Moyie Lake, Cranbrook
district.
58. Kimberlite Breccia (serpentinized) from Bulfontein Diamond
pipe, Kimberley, Transvaal. Greenish-grey rock consisting
of crystals and fragments of olivine, enstatite, phlogopite,
etc., as well as fragments of rock. Chemical analysis,
petrology, etc. are given by Williams (117). Collected by
W.S. Hutchinson.
59. Homestead Chondrite, Iowa Co., Iowa; brecciated greybrnsite type. For each of the listed chondrites, complete
references on chemical analyses, fall, etc. are available
in the Mineralogical Department of Harvard University.
The abundances of Li, Sc, Sr, Ba, and Zr for each specimen
are known (93) as are their K and Rb contents (5); see
also (110).
60. Waconda Chondrite, Kansas; brecciated spherical hypersthene
type.
61. Hayes Center Chondrite, Nebraska; spherical type.
62. Hessle Chondrite, Upsala, Sweden; spherical bronzite type.
63. Long Island Chondrite, Phillips Co., Kansas; veined
intermediate hypersthene type.
64. Bushveld Gabbro collected one-half mile from Steelpoort
iver on road to Onverwacht, Hendriksplaats 636. Chill
phase variety; see Hall (52, p. 309).
65. Duluth Anorthositic Gabbro (2412) from corner of Piedmont
Avenue and 5th street at Duluth, Minnesota. Collected
by Daly and Palache, 1916. Specimen is a dark grey, coarse-
grained plagioclase rock with minor amounts of pyroxene
(25%). For trace element analysis on gabbros from Split
Rock, Minnesota consult (33), (5).
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66. Hawaiian Aa Basalt (1539) from south slope of Kole para-
sitic cone on south side of Mauna Kea (El. 7200 feet).
Collected and described by Daly (29); see No. 48.
67. Hawaiian Chrysolitic Basalt (451). Specimen is a black
dense rock with numerous fine-grain olivine phenocrysts.
Collected and described by Daly (29); see No. 48.
68. Keweenawan Amygdaloidal Basalt (S 69), Keweenawan County,
Michigan. For a discussion of the differentiation trends
in Michigan lavas see Broderick (21). Specimen is an
altered greenish-grey aphanite containing amygdules of
chlorite; see (24, p. 37) for some flow analyses.
69. Colorado Olivine Basalt (S 45) from Jefferson County.
(This specimen is probably from the Table Mountain flows
at Golden.) Specimen is composed essentially of augite,
plagioclase, and phenocrysts of olivine; see analysis A on
p. 452 of Clarke (26).
70. Mexican Olivine Basalt, Canteras de Tlalpam, Districto
Federal. Rock is a medium-grey aphanite with numerous
phenocrysts of olivine. No published reference available.
71. Yellowknife Diabase, Northwest Territories. Specimen is
a fine-grain black phonerite consisting principally of
pyroxene and plagioclase. Traces of sulphide age present.
Collected from a N.E.-trending dike at Latham 1 in 1949
by H.W. Fairbairn.
72. Essex Anorthosite (S 56), New York. Specimen is a medium-
grained light grey rock of granular plagioclase. For a
chemical analysis of a similar rock consult, for example,
Washington (115, p. 531).
73. Iron Mountain Pyroxenite (S 31), near Cripple Creek,
Colorado. It is a dark brown rock of pyroxene, feldspar,
and olivine (?). For a discussion of the geology of this
intrusive see Lindgren (73, p. 53).
74. Webster Pyroxenite (S 57), Webster County, North Carolina.
For some recent trace element analyses on this rock see
(93) and (5).
75. Mount Royal Essexite (1702), near Summit of Mount Royal,
Montreal, Quebec. The specimen is a coarse-grained black
rock consisting essentially of augite, hornblende, plagio-
clase, and some olivine (66). The rock is rich in oxides
(e.g. magnetite); sulphides are present.
106. Bushveld Hortonolite Dunite ("not typical"), from Mooihoek
pipe on Mooihoek 147. Critical zone. See No. 8.
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107. Urals Dunite, from Krasny mine, Urals. Specimen is a
green fine-grained serpentinized olivine rock with about
10% of the rock consisting of chromite. Specimen was
obtained from E.L. Bruce Collection of Queen's University
and donated by H.W. Fairbairn. For a chemical analysis
of a similar dunite, see for example Wagsner (113, p. 62).
108. Azores Olivine Basalt from Aria Langa, Pico. Specimen is
a black vesicular rock with prominent phenocrysts of
olivine and augite. Collected by Mrs. H.I. Dabney.
Some analyses for basalts on Punta Delgada, San Miquel,
are given by Washington (115, p. 657).
122. Urals Tylaite (6307), Zoticha, Pavlovski Mine, Nizhne-
Tagilsk. Specimen is a dark grey medium-grained phaner-
ite consisting of about 65% augite and diopside, 20%
feldspar, and 15% olivine. Johannsen (66) defines the
rock as a transitional type between a gabbro and a
peridotite and gives an analysis on p. 245 for a Ural
tylaite (tilaite).
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SUGGESTED RESEARCH
Since this study was of a survey nature and was con-
fined principally to a geochemical investigation of Pt, Pd,
and Au, additional more detailed studies may be pursued on
these elements and furthermore on the abundances of Rh, Ir,
Ru, and Os in silicates, etc. With further research, par-
ticular attention will have to be given to the method of pre-
concentrating the noble metals since fire assaying is only of
poor efficiency. Perhaps a method of chemical treatment
similar to that devised by Schneiderhohn and Moritz (97)
would be most suitable. The writer is also inclined to be-
lieve that fire assaying should not be used for pre-concen-
trating Pt, Pd, and Au unless individual reassays at least of
cupels are made for each sample. At the time this research
was being conducted, Professor H.E. Hawley* indicated that he
was working on both electrolytic and chemical methods of pre-
concentrating the noble metals in silicates and his forth-
coming publications, if any, might be consulted before further
research on pre-concentration is undertaken.
It is suggested that further research be pursued on
the abundances of precious metals in major rock groups as well
as on the distribution of these elements in the minerals that
comprise the rocks. A study of how such platinoids as Pt and
Pd are held in metallic oxides (e.g. chromite) and whether or
not such metals have some solubility therein at high tempera-
* Personal communication.
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tures also seemswarranted. Other problems relating to further
research have been specifically noted in PART II of the thesis
and need not be mentioned again.
It may be concluded then that further more detailed
basic research on the precious metals is necessary for the
evaluation of their geochemical properties in igneous rocks
but before analyses are attempted, more efficient means of
pre-concentration should b.e developed.
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